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NOTATION. 
The notation used in this volume follows in the main the recom- 
endations of the International Electrical Congress. Non- 
indard symbols which are used but once or twice are not given 
this table ; the significance of such symbols is fully explained 
enever and wherever they are used, 

a, ^, and 9 are frequently used for angle. 
b susceptance of an alternating -current circuit 

[=--»/(^ + ■«-")]. 

Si magnetic flux density. 

C condenser capacity. 

E maximum value of harmonic alternating electromotive 

force. 
E effective value of alternating electromotive force. 
e instantaneous value of alternating electromotive force. 
f frequency in cycles per second, 
ff conductance of an alternating-current circuit 

[_ ,-/(^ + .^)]. 

Si magnetic field intensity. 

I maximum value of harmonic alternating current 
/ effective value of alternating current. 
I instantaneous value of alternating current. 
J square root of minus one, ■(/ — i, 
L inductance. 
/ length. 
M magnetizing current of a transformer or induction motor. 
M power component of M. 
M^ wattless component of M. 
ft magnetic permeability. 

« speed generally expressed in revolutions per second. 
This letter is frequently used where a number of 
things, «, is to be represented in a formula. 
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K N' , N" number of turns of wire in the primary and seconda,^H 


^k coils of a transformer. ^| 


^H k' rotor speed of an induction motor. ^| 


^H P power. Also used for leakage inductance of a trai^f 


^1 ^1 


^^ P^ hysteresis loss in a laminated iron core. ^| 


^H- /*, eddy current loss in a laminated iron core. ^ 


^1 Z*^ copper loss in a transformer. 




^^L p number of field magnet poles, or number of polar 




^^^^^■^ regions as in the induction motor. This letter is also 




^^^^^^H used for power factor, and sometimes for instantaneous 




^^^F 




p' number of current paths in an armature winding. 




<!> maximum value of harmonic alternating magnetic flux. 




Sometimes used for value of a steady flux. 




1^ instantaneous value of magnetic flux. Also used for 




angle. 




Q, q quantity of electric charge. 




R, r resistance. Also used for radius. 




Si magnetic reluctance. 




s sectional area. Also used for slip of an induction 




motor. 




i time. Also used for temperature. 




T torque. 




W work. 




w angular velocity, frequency of a harmonic alternating 




electromotive force or current in radians per second. 




X, X reactance in ohms. The letters X and x are also used 




as coordinates. 




y, y admittance of a circuit (= Vf -^^ b^ ox g —jb). The 




letters Kand y are also used as coordinates. 




^^^K Z, s impedance of a circuit (= /H + .r^ or r -^jx). The 




^^^^^^^ letter Z is also used for the number of conductors in 




^^^^^^B an armature winding, or the number of conductors in 




^^^^^^H a stator or rotor winding of an induction motor, or 




^^^^^^L the number of turns of wire in a coil 
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CHAPTER I. 

THE ALTERNATOR. ALTERNATING ELECTROMOTIVE 
FORCE AND ALTERNATING CURRENT. 

1. The alternator. — The simplest form of the alternator is 
shown in Fig. i . A wire W, perpendicular to the plane of the 
paper, is moved sidewise along the dotted line so as to cut the 




Fig. 1. 



magnetic lines of force which emanate from the inwardly project- 
ing poles NSNS of a field magnet. While the wire is sweep- 
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ing across a north pole an electromotive force is induced in 1 
wire in one direction, and while the wire is sweeping acrossi 
south pole an electromotive force is induced in the wire i: 
opposite direction. This repeatedly reversed electromotive fort 
is called an alternating electromotive force and it produces \ 
alternating etirrent in the wire and in an outside circuit to whi<l 
the ends of the wire are connected. 

In commercial alternators a large number of wires is 
instead of the single wire W shown in Fig. i, and these ' 
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Fig. 2». 



are placed in slots in the periphery of a rotating mass of Ian; 
ated iron. Thus Fig. 2 shows four wires placed in four slots, a 
Fig. 3 shows sixteen wires placed in sixteen slots. 

Figures 2I1 and 3A are what are called developed diagrai 
which show how the wires are connected together and how t 
are connected to two insulated metal rings r and r' 
which two brushes a and b rub and keep the moving 1 
connected to an outside receiving circuit. 

The laminated structure AA with its winding of wire is c 
the armature of the alternator, and the metal rings r and r* . 
called collecting rings. 

The field magnet of an alternator is generally an electromaj 
which is excited by direct current from a small auxiliary c 
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t generator called the exciter. The field windings, BB, 
of an alternator are arranged exactly like the field wind- 
a direct-current dynamo. 




the relative motion, only, of armature and field magnet 
is essentia] in any dynamo, and alternators are frequendy 
with a revolving fie!d magnet, the outwardly projecting poles 
ich NSNS Fig 4 sweep past the stationary armature 
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wires which are placed m slots around the inner periphery of a 
ring-shaped structure of laminated iron AA. Figure 4 shows 
sixteen armature slots in each of which four wires are placed. 




In the revolving field type of alternator, tlie direct current for 
exciting the revolving field magnet is delivered to tlie rotating 
structure by brushes which rub on two insulated metal rings ; and 




the terminals of the stationary armature winding are nomia 
_ (lirectly to the receiving circuit. 



The revolving-annature type of alternator is generally used in 
mall electric lighting stations. Figure J shows an alternator of 
his type manufactured by the Fort Wayne Electric Works. The 
igure shows the small belt-driven exciter, and it shows, although 
lomewhat indistinctly, the rectifying commutator through which 
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a series field winding is connected in the main circuit of the ma- 
chine as explained in Art. 2, 

Very large alternators are usually of the revolving-fieid type. 
IL small belt-driven machine of this type, built by the Allis- 
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Chalmers Company, is shown in Fig. 6. A small machine { 
this type manufactured by the Genera! Electric Company i 
arranged for mounting on the shaft of the driving engine I 
water-wheel, is shown in Fig. 7. Figure 8 shows the revolvw 
field magnet of this macliine, and Fig. 9 shows one of the lai 
nated pole pieces and one of the field coils. This field coilJ 
made of heavy copper strap wound edgewise and insulated bjfl 




paper strip laid between the turns of the copper strap. The I 
collector rings shown in Figs. 6 and 7 serve for the deliverj 
direct current to the revolving field magnet, and the statioii 
armature terminals are connected directly to the receiving d 
in each case. 

Figure 10 is a view of a portion of the revolving field 
and Fig. 1 1 shows a portion of the inner face of the sta^^ 
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irmature of a 5.000 kilowatt alternator manufactured by the 
jVestinghouse Electric and Manufacturing Company. ThisaJter- 
lator is mounted on the crank shaft of a 7,000 horse-power steam 
aigine having a speed of 75 revolutions per minute. 

Alternators of very large capacity, but comparatively small in 
jze on account of the high speed of driving, are now extensively 
Used in conjunction with steam turbines. These alternators are 
ilways of the revolving -field type and their peculiar features are 
he small number of field magnet poles, the wide gap space be- 
tween armature core and field poles, and the extreme solidity of 
the field magnet structure. Thus Fig. 12 shows, to a scale of 



about I to 20, the revolving field magnet of a 5,000 kilowatt al- 
bernator which is mounted on the shaft of a 7,500 horse-power 
steam turbine and driven at a speed of 500 revolutions per minute. 

Besides the revolving armature type and revolving field type, 
Uiere is a third type of alternator, called the inductor alternator 

which the iron field structure alone rotates, both the field wind- 
ing and the armature being stationary. The rotating iron struc- 
aire NNSS, Fig. 1 3, is called the inductor, and it is magnetized 
y a large stationary coil BB which encircles it. The magnetic 
lux produced by this coil passes from the polar projections 
y/i//JV into a laminated structure AA, through the iron rods 
ICj? to the other laminated structure AA, and thence to the polar 
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projections .S'i"^S'5 as shown by tlie dotted lines in Fig. i^ 
The laminated structures AA and AA are slotted on thei^l 
inner faces to receive the armature wires across which the linetff 
of force sweep when the inductor is rotated. 

Single-phase and polypliase alternators. — The details shown ySk\ 




Figs. I, 2, 3 and 4 refer to what is called a single-phase altemarja 

A polyphase alternator is an alternator upon the armatu 
of which two or more entirely distinct windings are placed, 1 
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: winding being arranged to deliver current to a separate receiving 

I circuit Thus tlie armature winding shown in Fig. 1 1 is a two- 

[ phase winding. The coils which are square on the ends to the 

t constitute one winding and the coils which bend backwards 

pass behind the square ends constitute the other winding, 

*olyphase alternators are discussed in Cliapter VII. 




Concentrated mtd distributed armature -Luiiidings. — The type 
if armature winding in which all of the wires on the armature are 
grouped in / slots, where p is the number of field magnet poles, 
s called a concentrated armature winding. The slots for a con- 
aitrated armature winding are usually rather large and each 
■ slot contains a bundle of wires. Figure 2 shows a concentrated 
Barmature winding with one wire per slot. 

The type of armature winding shown in Figs. 3 and 4, 

which the wires on the armature are spread out in / similar 

<vups of slots, where / is the number of field magnet poles, is 
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called a distributed winding. Thus each of the armature wind] 
ings of the two-phase alternator shown in Fig. 1 1 is distribute 
in 2/ slots, that is in two slots per field pole. 

In the concentrated winding, the electromotive force rises sui 
denly in value as the slots come under the pole tips, and falls suil 
denly in value a.s the slof; pa';.-: nut from under the pole pie( 




whereas in the distributed winding the electromotive force r 
and falls more gradually. 

2. Field excitation of the alternator. — Usually the field ma^jl 
net of an alternator is excited by direct current obtained from ^ 
small auxiliary direct-current generator called the exciter, Whoj 
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: field magnet of an alternator is so excited, there is a tendency 
for the electromotive force between the terminals of the alterna- 
tor to fall off with increase of current output, so that it is neces- 
sary to have a switch-board attendant to adjust the exdting cur- 
rent with changes of load on the alternator in order to keep the 
k terminal voltage of the alternator constant. 

I In the case of a direct-current shunt generator, the variations 
of terminal voltage with change of current output may be coun- 
teracted by using an auxiliary (series) field winding through 
which the current delivered by tlie generator flow.s, thus provid- 




Fie. I 



I ing for an automatic increase of field excitation with increase of 
load. A direct-current generator provided with both shunt and 
series field windings is called a compound generator. 

In order to make use of the current delivered by an alternator 
for automatically increasing its field excitation with increase of 
current output, it is necessary to interpose a device for reversing 
_the connections of the series field windings at each reversal of the 
Eiltemating current so that the current may flow always in the 
me direction in the series field coil and thus have tlie desired 
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magnetizing action. This reversing device is called a rectifier ^ 

and an alternator provided witli a rectifier and a series field wind- 
ing is called a composite or cotnpouitd alternator. 

The essential features of the connections of a compound alter- 1 




nator are shown in Fig. 14. The series field winding CC i 
connected into the main alternating-current circuit through th^ 
rectifier, S, which is essentially a reversing switch, and the cum 




rent in CC flows always in one direction although the cun 
in the main circuit is an alternating current. 

Instead of tapping the coil CC into the main circuit, it i 
usually connected to the secondary coil of a small tranaformei 
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I 



whose primary coil is in the main circuit, as shown in Fig. 15. 
This is equivalent in its effect to the insertion of tlie coil CC di- 
rectly into the main circuit as shown in Fig. 14, 

Figure 16 shows the actual arrangement of the compound 
alternator. The small transformer, the collecting rings rr* , 
and the rectifier 6" are all mounted together on tlie armature 
shaft. The small transformer is in fact usually wound upon a 
laminated spoke of the armature core. The alternating current 

through tlie pri- 
mary coil of the small 
tem^ormer before it 
reaches the collecting 
ring r. 

The rectifier consists 
of a commutator having 
/ insulated segments, 
where / is the number 
«f field magnet poles of 
the alternator. The odd 
numbered segments aie 
connected together and 
to one terminal of the 
secondary coil of the 
small transformer, and 
the even numbered seg- 
ments are connected 
together and to the other 
terminal of the second- 

,' coil of the small transformer. Two brushes, at a distance 
jart equal to the distance * from center to center of adjacent 
Kcommutator segments, rub on the commutator and deliver recti- 
ied current to the series field winding as shown, 

It is necessary to shift the rectifier brushes back and forth until 
e position is found which gives minimum sparking. Then the 

*0r an; odd multiple of this diatance. 




1^1 readvlBg circuit 
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brushes will be passing from one segment to the next at the in- 
stants when the alternating current is passing through the zero 
value. The sparking, however, is serious at best, and in order 
to reduce this sparking, it is necessary to connect resistances 
s and / as shown. Sometimes one only of these resistances, 
generally s', is used. Thus, in the compound alternator which 
is shown in Fig. 5, the brushes of the rectifier are connected to 
the series field winding and also to a resistance which is mounted 
inside of the bearing pedestal of the machine. 

T/w Tirrcil field regulator. — The complications involved in 
the compounding of an alternator, as above explained, add to the 
cost of the machine, the compounding cannot be adjusted to com- 
pensate completely for variations of the terminal voltage, espe- 
cially when the alternator supplies current to inductive circuits, and 
the rectifying commutator becomes very troublesome when it 
attempted to use it to rectify the large current output of a large 
alternator. It is therefore not usual to compound large alternators. 

Voltage control of large alternators is usually accomplished by 
a switchboard attendant, although an automatic regulator, knowQ 
as the Tirrell regulator,* is now coming into use, especially for 
alternators of medium size. This regulator is essentially an auto- 
matic field rheostat which is adjusted, not by varying the amount' 
of the resistance in circuit, but by repeatedly short-circuiting 
fixed resistance, the duration of each short-circuit being varit 
automatically. Thus if a resistance of 10 ohms is in circuit wil 
a field coil for one-third of the time, the effect is the same as 
3j^ ohms were in circuit continuously, provided that the 10 ol 
is short-circuited repeatedly during very short intervals of 

3. Advantages and disadvantages of alternating current. -^Tl 
electrical transmission of a given amount of power may be a 
complished by a large current at low voltage or by a small cu 
rent at high voltage. In the first case very large and expensi' 
transmission wires must be used or the loss of power in the 

*S«e Genernl EIrclric Company's Bullciin, No. 4,351, July, 1906, for a detailed 
description of Ihe Tinell tegulalor. 
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mission line will be excessive. In the second case comparatively 
small and inexpensive transmission wires may be used without 
excessive loss of power. Therefore it is necessarj- to use higli 
voltages in the long-distance tran.'^mission of |)ower. 

High voltages, however, are dangerous under the conditions 
which ordinarily exist among users of electric power, and many 
'<inds of apparatus, such, for example, as incandescent lamps, re- 
quire low voltages for satisfactory operation. Therefore power 
which is transmitted at high voltage must be transformed at the 
receiving station from high -voltage-and -small-current to low- 
voltage-and-large-current if long-distance transmission is to be 
successful, and the advantage of alternating current over direct 
current lies almost wholly in the cheapness of constmction, cheap- 
fiess of operation, and high efficiency of the alternating current 
apparatus that is required for this transformation. 

In the step-down transformation of direct current, a motor 
takes a small current from the high voltage transmission lines 
and drives a generator which delivers a large current at low volt- 
age to the service mains. This apparatus is expensive to con- 
struct, it requires constant attention, and its "efficiency is never 
greater than about 90 per cent. 

The step-down tran-sformation of alternating current is accom- 
plished by means of the alternating current transformer, which is 
very much cheaper to construct than a motor-generator of the 
same capacity-, it requires no attention, and its efficiency under 
full load is usually greater than 97 per cent. The alternating 
current transformer is described in Chapter X. 

The alternating -current system has a slight advantage over 
the direct current system because the alternator, having no com- 
mutator, is somewhat simpler than the direct- current generator, 
and in the alternating-current system one may use the inductor 
alternator and the induction motor which have no sliding elec- 
trical contacts whatever. 

Another advantage of the alternating- current system is that 
the current passes through zero value many times per second so 
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that a circuit brealier operates more effectively on an altematijig-^ 
current circuit than it does on a direct-current circuit. Indeed, 
it is claimed that large generating stations, such as those at 
Niagara Falls, could not be operated at all if it were not for this ] 
peculiar effectiveness of the circuit breaker on an alternating cui 
rent circuit. 

These advantages of the alternating current are to some extent 
balanced by certain disadvantages which are outlined in the fol- 
lowing paragraphs. Where power is to be transmitted over 
short distances, the one great advantage of the alternating cur>j 
rent system vanishes, and the direct current system is distincl^ 
the better of the two, especially if a central station is to supply ' 
current, not only for lighting, but also for driving motors and for 
charging storage batteries. 

Alternating-current lighting. The electric lamp depends fun- 
damentally upon the heating effect of the electric current, i 
insofar as the mere heating effect is concerned the altematin) 
current is as satisfactory as the direct current. There is a teiRV 
dency, however, for an alternating-current lamp to give an inter-* 
mittent light because of the cooling of the luminous elemei 
between the successive pulses of current. The intermittent chai 
acter of the light is especially marked in alternating-current i 
lamps, and glow lamps give a perceptibly intermittent light i 
low frequencies, especially if the lamp filament is very fine. 

The electric arc, too, is peculiarly unstable when it is operate 
by alternating current, and certain types of arc lamps, some of the 
luminous-arc lamps for example, cannot be operated by alter- 
nating current. Furthermore the tantalum filament glow lamp 
cannot be operated satisfactorily by alternating current. 

On the other hand the Nernst lamp operates very much t 
with alternating current than with direct current. 

Alternating-current motors. The simple alternating i 
is less satisfactory for motor driving than direct current 
ordinary direct-current series motor can, however, be driven h 
alternating current if it is properly designed. When so designee 
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it is called a single-phase commutator motor. This motor is 
described in Chapter XIV. 

The alternator can be operated as a motor if it is started and 
brought up to exactly the proper speed by an independent source 
of power. When so used the alternator is called a synchronous 
motor. The synchronous motor is described in Chapter VIII. 

The induction motor, which is described in Chapters XII and 
XIII. must be arranged to operate as a commutator motor at 
starting, or it must be supplied with two or more distinct alter- 
nating currents transmitted to the motor over distinct trans- 
mission lines. The latter arrangement is called the polyphase 
system of transmission and it is described in Chapter VI. 

Conversion of alternating current into direct current. For many 
electrochemical processes, direct current only can be used. 
Thus, storage batteries cannot be charged by alternating current 
Furthermore, direct current is quite generally used for operating 
street railways. When power is transmitted by the alternating- 
current system and utilized in the form of direct current, the con- 
version from alternating current to direct current is usually 
accomplished on a large scale by means of the synchronous con- 
verter, or rotary converter, as it is often called. The synchronous 
converter is described in Chapter IX. 

The conversion from alternating current to direct current is 
sometimes accomplished on a large scale by an alternating-current 
motor driving a direct-current generator. 

The conversion of alternating current into direct current can 
be accomplished on a small scale by the mechanical rectifier 
or by the mercury-arc rectifier. The mechanical rectifier is 
described in Art 2 and the mercury-arc rectifier is described in 
Chapter IX. 

4. Characteristics of alternating conent motors. A general 
idea of the mechanical characteristics of the various kinds of 
alternating -current motors is necessary for a clear appreciation of 
the advantages and disadvantages of alternating currents, inas- 



much as the greatest disadvantages of the alternating -cur rent 
system relate to motor operation, and especially to the problem 
of starting and the problem of speed control 

(a) The synchronous motor requires an auxiliary source of 
mechanical power to start it, or indeed it may be started and 
brought up to speed by inherent but very weak induction motor 
action. The mechanical load of a synchronous motor must 
usually be connected to the motor after the motor is in operation 
at full speed. 

Once in operation, however, the synchronous motor runs at 
absolutely constant speed, frequency of alternating-current supply 
being constant, its efficiency is quite high, and its power-factor 
may be adjusted at will by varying its field excitation. The syn- 
chronous motor is often used on account of its adjustable power- 
factor in order to compensate for lagging current taken by 
induction motors. 

The synchronous motor is not suitable for variable speed 
service, and it is used only where frequent starting is not required. 

{p) The polyphase induction motor starts readily under load and 
it runs at nearly constant speed, very much like a direct-current 
shunt motor which is driven from a constant voltage supply. 
The speed of an induction motor cannot be varied except by 
completely altering the arrangement of its stator winding, or by 
inserting resistance in circuit with its rotor windings. The first 
method requires a specially designed motor with an elaborate 
arrangement of switches for quickly altering the winding con- 
nections, and, under practical conditions, it gives but two speeds. 
The second method is unsatisfactory, because it means a con- 
siderable loss of power, because it gives a speed which varies 
greatly with the motor load, and because it necessitates the use 
of collector rings on the rotor. The induction motor is not suit- 
able, therefore, for variable speed service. 

(c) The single-phase induction motor to be self-starting must be 
arranged to start either as a repulsion motor or as a polyphase 
induction motor. In the former case the motor may develop 
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sufficient torque to start under load, in the latter case the motor 
is usually supplied by two phases of current by splitting the 
single-phase supply as described in Chapter XII. and the starting 
torque is very small. The single-phase motor of tlie Wagner 
Electric Company is a single-phase induction motor which starts 
as a repulsion motor. 

The single-phase induction motor is not suitable for variable 
speed service. 

{d) The single-phase commutator motor has the same character- 
istics as the series motor operated by direct current, and it is the 
only alternating-current motor which operates satisfactorily 
throughout a wide range of speed. The single-phase commu- 
i.tator motor is beginning to be used extensively in railway ser- 
i vice where a large starting torque and fairly efficient operation 
throughout a wide range of speed are required. 

5. The physical basis of the differences between direct-current 
calculations and altematiiig-cuiTent calculations. — Figure ly 
represents a valveless pump, P, the piston of which oscillates up 
and down causing a current of water to surge back and forth 
through a circuit of pipe, and Fig. 1 8 represents an alternator A 
of which the alternating electromotive force causes an electric 
current to surge back and forth through a circuit of wire, 

The alternating pressure generated by the pump in Fig. 17 
must not only overcome the resistance which the current of water 
encounters in the pipe, but a large part of the pressure developed 
by the pump must be used to overcome the inertia of the water 
in the pipe, first in getting the current of water started and then 
in stopping the current and starting it again in the opposite direc- 
tion. Similarly, the alternating electromotive force generated by 
the alternator in Fig. r8 must not only overcome the electrical re- 
sistance of the wire, but a large part of the electromotive force de- 
veloped by the alternator must be used to overcome the electrical 
inertia, or inductance,* of the circuit of wire, first in starting the 

'"II is Bssumed in this text that the stadent is tborODgblj familiar with the ideas 
of iuduciaDce aad capacity ta oatliaed in Appendix A. 
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electric current and then in stopping it and starting it again in the 
opposite direction. 

The alternating pressure generated by the pump in Fig. t 
must not only overcome the resistance of the pipe and the inerti 




of the water in the pipe, but a portion of the pressure developed 
by the pump must be used to distort the elastic diaphragm DD 
which bridges across the chamber CC. Similarly, the alternating 




electromotive force generated by the alternator in Fig. 20 mi^ 
not only overcome the electrical resistance of the wire and the 
electrical inertia, or inductance, of the circuit, but a portion of the 
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electromotive force developed by the alternator must be used to 

produce the electrical stress which is created in the insulating 
material DD between the metal plates CC as these plates are 
electrically charged first in one direction (upper plate positive and 
lower plate negative) and then in the reverse direction (upper 
plate negative and lower plate positive). 

The metal plates CC Fig. 20 with the insulating material DD 
between them constitute what is called a condenser, and the action 
of this condenser is exactly analogous to the action of the chamber 
CC, Fig. ig, with its elastic diaphragm DD. The clastic dia- 
phragm permits an alternating current of water to surge back and 
forth through the circuit of pipe, but it does not permit the flow 

K'of a steady current of water. Similarly, the condenser CC, Fig. 
■20, permits an alternating electric current to surge back and forth 
through the circuit of wire, but it does not permit the flow of a 
steady electric current. 

Concentrated capacity and distriiuted capacity. — Figure 2 1 rep- 
resents a valveless pump which causes an alternating current of 
water to surge back and forth through a circuit of distensible 
rubber tube. When the piston starts upwards the rapidly in- 
creasing pressure in the portion a of the rubber tube causes this 
portion of the tube to swell, and the rapidly decreasing pressure 
in the portion b of the rubber tube causes this portion of the 
rubber tube to shrink. The swelling and the shrinking of the 
rubber tube extends with decreasing intensity to the middle point 
c, as shown by the tapering of the tube, and as indicated by the 
positive and negative signs of decreasing size. One result of the 
elasticity of tiie tube is that the whole of the water current which 
enters the tube at a does not flow around to b, and the whole of 
the water current that enters the pump at b does not flow around 
from «, but the value of the current (amount of water passing a 
r,jKnntofthe tube per second) decreases from a Xa c and increases 
n c to (5. The current of water does not have the same value 
along the circuit of tube. Similarly, when the alternator in 
22 starts a pulse of electric current in the direction of the 
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arrow, a large current enters the wire at a, part of this current, 
goes to cliarge the wire positively, and the current decreases in 
value towards c ; and the current which enters the alternator at 
b does not flow all the way around from a but part of it comes 
from the wire and leaves the wire negatively charged. The action 
is analogous in every detail to the action which takes place in 
Fig. 21. 

In Fig. 19 the only appreciably elastic element is the dia- 
phragm DD, whereas in Fig. 2 1 the entire circuit of pipe it 
elastic. In Fig. 20 the only place where an appreciable amounl 
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of electric charge accumulates is on the two metal plates CC, 
the amount of charge that accumulates on the wire being negli- 
gible. In Fig. 22 the amount of charge that accumulates on the 
wire is supposed to be appreciable ; this is true only when the 
circuit of wire is very long, as in a long transmission line, and 
this case an appreciable charge accumulates all along the win 
The metal plates in Fig. 20 constitute what is called a ci 
trated capacity, and the wire in Fig. 22 constitutes what is 
a distributed capacity. 

The effects of distributed capacity are exceedingly complicated: 
and they are always ignored in ordinary alternating-current prob- 
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The effects of distributed capacity cannot be ignored, how- 
fever, in long transmission lines, and therefore the mathematical 
I treatment of the transmission-line problem stands by itself in the 
theory of alternating currents. 

Direct-current problems and alternating-current problems con- 
trasted. Direct-current problems are generally the finding of 
one or two of the quantities, voltage, current and power, when 
the other or others are given, and when the circuit conditions are 
known. Alternating-current problems also are generally tlie find- 
ing of one or two of the quantities, voltage, current and power, 
when the other or others are given, and when the circuit condi- 
tions are known. The difference between direct-current prob- 
lems and alternating- current problems grows out of the fact that 
in an alternating -current circuit the relation between voltage, cur- 
rent and power, depends upon the resistance, the inductance and 
the capacity in the circuit, whereas, in a direct-current circuit, 
the relation between current and voltage is independent of 
inductance and capacity. 

The relation between voltage and current in an alternating- 
current circuit can be simply formulated only for the ideal case 
in which tlie voltage and current are of the type which is repre- 
sented by a curve of sines and when the capacity is concentrated. 
Therefore in most alternating-current problems the voltage and 
current are assumed to be of this type, which is called harmonic, 
and the effects of distributed capacity are ignored. The concep- 
tion of harmonic voltage and current is developed in Chapter III, 
the voltage -current relation (harmonic) is discussed in Chapter 
IV, and this ideal voltage -current relation is the basis for all of 
the theoretical developments in Chapters V to XV, 

A discussion of non-harmonic voltages and currents is given in 
Appendix B, and a discussion of the phenomena of distributed 
capacity is given in Appendix C. 

6, Speed and frequency. The electromotive force of an alter- 
nator passes through a set of positive values while a given group 



ELEMENTS OF ELECTRICAL ENGINEERING. 



of armature wires is passing a north pole of the field magnet, and ■ 
through a set of negative values while the given group of arma- 
ture wires is passing a south pole of the field magnet. The com- 
plete set of values, including positive and negative values, is 
called a cycle, the duration of a cycle is called a period and the 
number of cycles per second is called the frequency. If the field 
magnet of an alternator has p poles (//2 north poles and />/2 ' 
south poles), then I 



in which / is the frequency in cycles per second of the electro^l 
motive force which is developed by the alternator, and n is the 
speed of the alternator in revolutions per second. This is evi- 
dent when we consider that a complete cycle corresponds to the 
passage of a given group of armature wires across two field pole^ 
a north pole and a south pole, so that there are pjz cycles in QxM 
revolution. I 

When north poles and south poles are similar in shape anm 
size, with similar air gaps, which is usually the case in com*! 
merdal alternators, the successive sets of positive and negative 
values of the electromotive force are alike. That is, a cycle is 
made up of a set of positive values of electromotive force and a 
similar set of negative values of electromotive force. 

Synchronism. Two alternating electromotive forces or currents 
are said to be in synchronism when they have the same frequency. 
Two alternators are said to run in synchronism when theil 
electromotive forces are in synchronism.* 

7. Electromotive force and current curves. The successive in 
stantaneous values of the eiectromotive force of an alternator may 
be represented by the ordinates of points on a curve, the corre- 
sponding abscissas representing elapsed time reckoned from some 
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chosen instant. Such a curve is called the electromotive force 
\furve of the alternator. In a similar manner the successive 
instantaneous values of an alternating current may be represented 
by ordinates, and elapsed times by abscissas, giving a current 

rue. These curves are determined by means of tlie oscillograph, 

by means of the contact maker as explained in Art. lO. 

The shape of the electromotive force curve of an alternator 
depends upon the shape and distance apart of the pole pieces of 
the field magnet, and upon the distribution of the armature 

iding. This is exemplified in Figs. 23, 24 and 25, Figures 
23 and 24 are given in duplicate to show the effect of the fringe 
of magnetic flux beyond the pole tips. 

Figure 23 represents a single armature wire a cutting the 
uniformly distributed flux under the pole pieces, and the resulting 
electromotive force curve is shown in the lower part of the figure. 
Figure 23a represents the magnetic flux as stopping short at the 
pole tips, and Fig. 23^ shows the fringe of magnetic field which 
always exists beyond the pole tips. 

Figure 24 represents a band of armature wires ab cutting 
the uniformly distributed flux under the pole pieces, and the 
resulting electromotive force curve is shown in the lower part of 
the figure. Figure 2411 represents the magnetic flux as stopping 
short at the pole tips, and Fig. 24^^ shows the fringe of magnetic 
field which always exists beyond the pole tips. 

It is important to note that a certain armature wire must be 
chosen as an index point in Figs. 23, 34, and 25, and that the 
ordinate of the electromotive force curve which is directly beneath 
this chosen wire at a given instant as the wire moves to the right 
represents the value of the electromotive force at that instant. 
Thus the wire a is chosen as the index point in Fig. 24, and 
wherever this wire may be at a given instant, that ordinate 
of the electromotive force curve wliich is immediately beneath 
a represents the electromotive forcp at the given instant. 

25 is a more or less fanciful drawing which is intended to 
low how the shape and width of the pole pieces affect the shape 
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of the electromotive force curve, and to show how the positive' 

and negative sets of electromotive force values are unlike when 
the north poles of the field magnet are not similar to the south 
poles. 

The electromotive force curves in Fig. 23 are of the shape that 
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is generally given by alternators with concentrated armature wind- 
ings, and the curves in Fig. 24 are of the shape that is generally 
given by alternators with distributed armature windings. When, 
however, a concentrated armature winding is placed in very lai^ J 
slots, a very considerable reduction of total field flux occurs 
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■ when these large slots come under the pole pieces, and in tliis 
case the pulsations of flux tend to modifj' the shape of the elec- 
tromotive force curve, making it like the cur\-e i- of Fig. 36. 

Rxamples of current ciinis. — When an alternating electromo- 
tive force acts upon a circuit which contains resistance only, that 
I circuit which has a negligibly small inductance and which 




does not include a condenser, the current curve is of exactly the 
same shape as the electromotive force curve, inasmuch as the 
current is in this case equal at each instant to the electromotive 
force divided by the resistance of the circuit. 

When an alternating- current circuit has an appreciable induct- 
ance (ironless), or when it contains a condenser, the current curve ' 
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has the same shape as the electromotive force curve if the electro- , 
motive force curve is a curve of sines, but not otherwise ; and even 
when the electromotive force curve is a curve of sines, the current 
curve is displaced {sliifted along the axis of time) with reference to 
the electromotive force curve. These voltage -current relations 
are discussed in detail in Chapter IV, 

When an electromotive force or current curve is a curve of 
sines the electromotive force or current is said to be karmomc, 
otherwise the electromotive force or current is non-harmonic. 




:uit 



The full line curve in Fig. 26 represents a non-harmonic eleo 
tromotive force, and the similarly shaped dotted curve represent; 
the current which the electromotive force produces in a circuit 
which contains resistance only. 

The full line curves in Figs, 27 and 28 represent harmoi 
electromotive forces ; the dotted curve in Fig. 27 represents the 
harmonic current which the electromotive force produces in a 
circuit having resistance and inductance ; and the dotted curve 
in Fig. 28 represents the harmonic current which the electro- 
motive force produces in a circuit having resistance and contain- 
ing a condenser. 

It is to be noted that the maximum positive value of a current 
occurs after the maximum positive value of the electromotive 
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force in Fig. 27, and before the maximum positive value of the 
electromotive force in Fig, 28. This is usually expressed by 
saying that the current lags behind the electromotive force in a 
L circuit having resistance and inductance, and that the current leads 




Fie. 26. Circiiii 

or is aJuadofd^i electromotive force in a circuit having resistance 
and containing a condenser. 

A hannonic electromotive force does not always, however, pro- 




duce a hannonic current. Thus Fig. 29 shows a harmonic elec- 
tromotive force, and the current which this electromotive force 
produces in a coil of wire wound on an iron core. 
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8. Average values and effective values of alternating electromo^ 
tive force and current. — It is customary to speak of an alternating 
electromotive force as so many volts and of an alternating current 
as so many amperes, although a given alternating electromotive i 
force or current is a rapidly varying quantity. Thus, an altei 




ing current which would be specified as lo amperes is, of cours 
a current which is alternating rapidly in direction and varying 
rapidly in value from zero to a more or less definite maximum. TIte 
specified value of an alternating electromotive force or current 
always refers to tlie square-root-of-the-average-vcUue-ofthe-squfa 




of the electromotive force or current, the so-called effective valm 
as explained below. 

The simple average of the successive values of an alternating 
electromotive force or current is always zero. This is true even 
in 3 case like that shown in Fig. 25, and the only exception is in 
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3ie case of the current which is produced by an alternating 
electromotive force through a circuit which allows current 
to pass in one direction but not in the other direction. The 
mercury-arc and the aluminum-valve rectifiers are examples of 

^nuch circuits. 

^K The simple average of the positive (or negative) values of an 

HsUtemating electromotive force or current during half a cycle is 

Bof course not zero. 

f Effective values. — Consider an alternating current of which the 
value at a given instant is i. During a cycle, i passes through 
a set of positive values and a similar set of negative values, 
whereas i^ is always positive. Therefore the average value of i'^ 
is not zero. The square root of tlie average value of / ', which is 
called the effective value of the alternating current, is always used 
in specifying an alternating current in amperes. Thus an alternat- 
ing current of 10 amperes is an alternating current of which the 
average value of i' is lOO amperes'. An alternating electromo- 
tive force is also specified by giving its effective value. Thus an 
alternating electromotive force of 1,000 volts is an alternating 
electromotive force of which the average value of the square is 
1,000,000 volts'. 

The principal reason for using effective values in the specifica- 
tion of alternating electromotive forces and currents is that the 
voltmeters and ammeters used in alternating-current measure- 
ments always give effective values, as explained in Chapter II. 
The term "effective value" originated as follows: Consider an 
alternating current of which the instantaneous value is ;'. The 
rate at which heat is generated at a given instant in a circuit 
through which this current flows is RP, where R is the resist- 
ance of the circuit, and the average rate at which heat is gener- 
ated in the circuit is R times the average value of ;', or RP, 
where P is equal to the average value of i^, or where / is 
equal to the square-root-of-the- average -value-of-(*. That is, to 
calculate the rate at which heat is generated in a circuit by an 
alternating current, the resistance is multiphed by the square of 
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the effective value of the current, and it is for this reason primarDj'l 
that the term " efTective " value came into use. 

Example. — The successive instantaneous values of an alterr 
ing electromotive force at equal intervals during a half-cycle arct ■ 
o, 30, 60, So, 90, 95, 90, 80, 60 and 30 volts. Dividing the 
sum of these voltages by their number, 10, gives 61.5 volts 
which is the average value of the alternating electromotive force 
during the half-cycle. Squaring each of these voltages, adding 
these squares and dividing by their number gives the average 
value of their squares, namely, 4,702.5 volts*, and the square 
root of this average square is the effective value of the alternat- 
ing electromotive force, namely, 68.6 volts. 

9. Instantaneous and average power delivered by an alternator. — 
Let e be the value, at a given instant, of the electromotive force 
of an alternator and i the value at the same instant of the cur- 
rent delivered by the alternator ; then ci is the power in watts 
which is delivered by the alternator at the given instant, and the 
average value of ei is the average power delivered by the alterJ 
nator. V 

When the alternator delivers current to a circuit which has ■ 
resistance only, the average value of ei is equal to the effective 
value of the alternating electromotive force multiplied by the 
effective value of the alternating current ; but in general the aver- 
age power delivered by an alternator (average value of ei) is less 
than the product of effective voltage and effective current. This 
matter is discussed in Chapters II and III. 

Examples. The full-line curve in Fig. 30 is the electromotive 
force curve of an alternator, the dotted curve is the current curve 
for the case in which the alternator delivers current to a circuit 
which has resistance only, and the ordinates of the dot-dash 
curve represent the successive instantaneous values of the power 
ei delivered by the alternator. In this case the values of ei are 
all positive but they vary from zero to a certain maximum value. 
That is to say, the alternator delivers power in pulses, one fbf I 
each half-cycle of electromotive force and current. 
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The full-line curve in Fig. 3 1 is the electromotive force curve 
of an alternator, the dotted curve is the current curve for the 
case in which the alternator delivers current to a circuit which 
has both resistance and inductance, and the ordinates of the dot- 




Fig. 30. Current in phase with voltage. 



dash curve represent the successive instantaneous values of the 
power ei delivered by the alternator. In this case there are 
two pulses of power delivered by the alternator to the receiving 




Fig. 3 1 . Current lagging 60^ behind voltage. 
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circuit («' positive), and two smaller pulses of power taken back^ 
by the alternator from the receiving circuit {ei negative) during 
each complete cycle of electromotive force and current 

The full-line curve in Fig. 32 is the electromotive force curve 
of an alternator, the dotted curve is the current curve for the 
case in which the alternator delivers current to a circuit which 
has inductance but no appreciable resistance, and the ordinates 
of the dot-dash curve represent the successive instantaneous values 
of ei. In this case there are two pulses of power delivered by 




the alternator and two similar pulses of power taken back by the 
alternator from the receiving circuit during each complete cycle. 
In this case, therefore, the average value of ei is zero. A 
mechanical analogue of this third case is afforded by the movftj 
ment of the balance wheel of a watch, assuming it to be frictioi 
less. The hair spring does work upon the wheel setting it i 
motion, and the spring takes all of the energy back again in stt^ 
ping the wheel. Then work is delivered to the wheel once n 
in reversing its motion, and this energy is all taken back by the 
spring as the wheel returns to its starting point, thus completing 
one cycle of the motion during which two pulses of power have 
been delivered to the wheel by the hair spring, and two similaTJ 
pulses of power have been taken back from the wheel. 
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10. The detenninatioQ of electromotive force and ctirrent curres. 
— (rt) By the contact maker. The contact maker, whose essen- 
tial features are shown in Fig. 33, is a device for repeatedly con- 
necting a large condenser, C, to the terminals of an alternator at 
a certain instant in an electromotive force cycle, thus keeping the 
condenser charged up to the voltage e that exists at the given 
instant in the cycle, in order that the value of e may be meas- 
ured by a voltmeter V. 

A disk of insulating material is fixed to the armature shaft of 
the alternator of which the electromotive force curve is to be de- 




termined. A thin metal brush b' rubs on the edge of this disk 
and makes momentary contact once per revolution with a narrow 
metal strip s which is set in the edge of the disk. The brush 
b' is supported on a sector pp which slides around on the 
inner edge of the divided circle cd, and the reading on the divided 
circle of the mark J-/ indicates the position of the brush b' . 

One terminal of the condenser C is permanently connected 
to one collecting ring r of the alternator by means of the brush 
b, and the other terminal of C is connected to the brush b' 
and thence through the strip s and wire a to the other col- 
lecting ring r' . 

The voltmeter V must take a very small current in order 
that tile condenser may be able to supply the current during the 
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intervals between contacts of b' and s without perceptible d 
crease of voltage across the condenser terminals. 

The sector pp is shifted step by step around the divided circle, 
and the circle readings and voltmeter readings are taken. A 
complete cycle of electromotive force values is obtained by shift- 
ing the sector // over the angular distance between two adjacent 
north poles (or south poles) of the field magnet, and in plotting 
the electromotive force curve the circle readings are laid off as 
abscissas and the voltmeter readings as ordinates. 

To determine a current curve by means of the contact maker, 
the device shown in Fig. 33 is mounted on the armature shaft of 




the alternator which supplies the current, the current is made j 
flow through a non-inductive resistance R, the curve trf" ( 
electromotive force across the non-inductive resistance is 1 
mined, and the ordinates of this electromotive force curve i 
divided by R to give the points on the current curve. 

(^) By the oscillograph. — In order that a galvanometer needle 
may indicate tlie successive instantaneous values of a rapidly 
changing current, such as an alternating current, the galvanometer 
needle must be extremely light and the period of free vibration 
of the needle must be extremely short. The oscillograph is a 
galvanometer constructed to meet these requirements. 

The Duddell oscillograph consists of two very fine wires, 
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Fig. 34, stretched very close together between the poles NS of 
3. strong magnet A very light niirror Af is attached to the 
wires, and the current to be measured flows down one wire, 
across the connection t: and up the other wire, so that one wire 
is pushed forwards and the other wire is pushed backwards by 
the magnet, thus deflecting the mirror. A beam of bright light 
falls on the mirror and is reflected to a moving photographic 
plate upon wliich is left a permanent trace of tlie movements of 
the mirror. The alternator A, of wliich the electromotive force 




curve is to be determined, is connected through a non-inductive 
redstance R to the oscillograph as shown in Fig. 34. 

To determine a current curve, the oscillograph is connected to 
the terminals of a non-inductive resistance through which the 
current flows. 

An example of electromotive force and current curves taken 
simultaneously by two oscillographs is shown in Fig. 35.* The 
curve e shows the electromotive force across the terminals of an 
alternating arc, and the curve / shows the current flowing through 
the arc. The fine waves in the electromotive force curve are due 
to the free oscillations of the needle. 

■Reproduced ftoin a paper On Arc L-iiaps by Andr* Blonde], Transact iona of 
the latemalicHiBl Electrical Congress, SI, Louis, 1904, Vol. II, page« 731-767. 
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ALTERNATING CURRENT MEASUREMENTS..! 

11. The difference between direct-current and altemating-ciinent 
ammeters and voltmeters.* — -In direct -current ammeters and volt- 
meters the force wiiich acts upon the pointer and produces the 
deflection may be any function whatever of the current or electro- 
motive force, provided only that the force has a perfectly definite 
value for a given current or electromotive force, thus ensuring 
that the given current or electromotive force will produce J- 
definite deflection. 

In a Ite ma ting -current ammeters and voltmeters, on the other 
hand, the force tending at any instant to move the pointer is pro- 
portional t to the square of the current or electromotive force at 
that instant, so that the average force, upon which the steady d 
flection depends, is proportional to the average square of the c 
rent or electromotive force. Alternating- current ammeters ancr 
voltmeters really measure, therefore, the average value of the 
square of an alternating current or electromotive force. 

The standard method of calibrating an alternating-current 
ammeter or voltmeter is by using direct currents or direct 
electromotive forces, and the most reliable alternating-current 
ammeters and voltmeters are those which indicate effectivf 
values of alternating current or electromotive force correct 
when so calibrated, irrespective of frequency and wave form. 

Consider, for example, an ammeter in which the deflecting 

* All voltmetprs, with the eiccption of the electrostatic Toltmetcr, are essentially 
Kmmelers. That is, the electromotive force to be measured produces Q current, which 
actuates the pointer ; and the scale, instead of heing arranged to_ indicate the -valpe ol 
Ihe cnrrent, ia arranged to indicate the value of the electromotive force between the 
lerminals of the instrument. 

+ This is intended only as a general statement and the qualification necessary lo 
make it exact would tend to make it unintelligible. See Art. 15. 
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force is proportional to the square of the current. The constant 
deflecting force, due to a direct current C, is equal to iC*. the 
instantaneous force due to an alternating current is equal to h'*, 
where i is the value of the alternating current at a given instant, 
and the average force due to the alternating current is equal to 
i X average i' ; but, if the alternating current gives the same 
deflection as the direct current, the constant force, kCP, must be 
equal to the average force, k x average r, so that average P 
must be equal to C, or \^average i" must be equal to C. That 
is to say, although the ammeter really measures the average 
square of any current flowing through it, the scale numbers 
(values of C) determined by direct-current calibration, arc effec- 
r live values of alternating current (i''average P = C). 

13. The hot-wire ammeter and voltmeter. In these instruments 
;he current flows througli a stretched wire, and the wire, heated 

■ the current, lengthens and actuates a pointer which plays 
over a divided scale. 

TAe kof-wire instrmnenl, when calibrated by direct current, indi- 
cates effective values of alternating current, and wlun calibrated by 
direct electromotive force it indicates effective values of alternating 
electromotive force. This is evident in the case of the ammeter 
when we consider that a direct current C and an alternating cur- 
rent i which give the same deflection must generate heat in the 
stretched wire at the same average rate. That is, RC^ must be 
equal to ^x average i^. or C*= average i^, or C= y'averagei'^. 

The hot-wire instrument has not been considered very satis- 
factory hitherto on account of the tendency of the heated wire to 
take a permanent set, that is, to become permanently elongated. 

13. The electrodynamometer. — The electrodynamometer when 
used as an ammeter or as a voltmeter consists of a fixed coil and 
a movable coil connected in series. The current flows through 
both coils, and the fixed coil exerts a force upon the movable coil 

I which deflects it and actuates a pointer which plays over a di- 
vided scale. In some instruments the force action between the 
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coils is balanced by moving a weight or by twisting a helii 
spring which is attached to the movable coil. In this case the 
reading of the instrument is the distance that tlie weight 
moved, or the angle through wliich the spring is twisted. 

The eUctrodynamometer ■when standardised by direct current h. 
dicates effective values of alternating current. This is evidi 
when we consider that the force action between the coils is pro- 
portional to the square of the current, or equal to a constant, k, 
times the square of the current, and that the force action, kC*, 
due to a direct current C must be equal to the average foi 
action, ^x average;', due to an alternating current i\ if 
and % produce the same deflection, kC^ must be equal 
^X average/^, or C= v' average ;'. 

The electrodynamometer is the most reliable form of alternat- 
ing-current ammeter. 

When the electrodynamometer is used as a voltmeter, its coih 
are made of fine wire, and an auxiliary non-inducti\'e resistance is 
connected in series with the coils. 

When the inductance of (fie electrodynamometer coils is small 
the instrument indicates effective z<alues of alternating electromotive, 
force accurately when it has been calibrated by direct electro»ioth<e 
force. This is evident when we consider that the current i in 
a non-inductive circuit is at each instant equal to ejR, wherfr 
R is the resistance of the circuit, and e is the value at the gi' 
instant of the electromotive force across the terminals of the di 
cuit ; and when we consider, furthermore, that the average 
fleeting force due to an alternating electromotive force, nameli 
kjl? X average e^ {=ky, average i^ if the circuit is non-induo- 
tive) must be equal to the constant deflecting force kj^ x 5* 
{== k y. current*) due to a direct electromotive force 5 which 
produces the same deflection. 

The eflTect of the inductance of a voltmeter is to make* an 
strument which has been calibrated by direct electromotive foi 



IS 
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indicate less than the effective value of an alternating electromo- 
tive force, the error being the greater the higher the frequency. 
Nevertheless the electrodynamometer type of voltmeter is the 
most generally satisfactory and reliable type of alternating-cur- 
rent voltmeter. 

A disadvantage of the electrodynamometer (ammeter or volt- 
meter) as compared with the plunger type of instrument is its 
greater cost. 

Inductance error of the electrodynamometer when used as a voltmeter. — The fol- 
lowing discussion is limited to the case of harmonic electromotive force and harmonic 
current, and it presupposes a knowledge of Chapters III and IV. Let <S be a direct 
electromotive force which gives the same deflection as an alternating electromotive force 
whose effective value is E^ and whose frequency isycycles per second, or u (z=2tt/) 
radians per second. Since the deflections are the same, the square of the direct cur- 
rent produced by 5, {S^jR^), must be equal to the average square of the alternating 
current [^7(i?« + ««Z«)] produced by Ey that is, 

5* ^ 

whence we find 



in which E is the true effective value of a harmonic alternating electromotive force of 
a frequency of u radians per second, S is the voltmeter reading produced thereby 
R is the resistance of the voltmeter, and L is the inductance of the electrodynameter 
coils. 

14. The electrostatic voltmeter. — Two insulated metal plates 
connected to the terminals of a battery, or to any source of elec- 
tromotive force, attract each other with a force which is exactly 
proportional to the square of the electromotive force. This 
principle is applied in the electrostatic voltmeter which consists 
essentially of a fixed metal plate and a delicately poised or sus- 
pended metal plate which carries a pointer, the two plates being 
connected to the terminals of the source of the electromotive force 
to be measured. 

Such an instrument^ when calibrated by direct electromotive 
farce, indicates effective values of alternating electromotive force. 
This is evident when we consider that the steady force action, 
H^y due to a direct electromotive force S must be equal to the 



average force action, k x average ^, due to the alternating elec- 
tromotive force e, which gives the same deflection as S, that is, 
kS^ = i X average ^.ox &= \' average t*. 

The great difficulty with the electrostatic voltmeter arises from 
the excessively weak forces of attraction between two metal plates 
with electromotive forces less than several hundred volts, so that 
a low-reading electrostatic voltmeter must be very delicate, and 
tlierefore unsuited to the conditions of practical use. For high 
electromotive forces, however, the electrostatic voltmeter is very 
satisfactory. 

One form of electrostatic voltmeter, the so-called absolute elec 
trometer,* does not need to be calibrated, inasmuch as it givt 
the value of the electromotive force directly in terms of purelyj 
mechanical measurements. 

Ifi. Plunger type ammeters and voltmeters, — In instruments' 
of this type the current flows through a coil of wire which mag- 
netizes and moves a pivoted or suspended piece of soft iron to 
which the pointer is attached. ' 

Plunger ammeters. — In this type of instrument the force tend^ 
ing to move the pivoted piece of iron is not proportional to l^H 
square of the current, and tiierefore such an instrument does i^H 
indicate effective values of alternating current when it has ba^| 
calibrated with direct current. It is necessary therefore to ca^^ 
brate a plunger type ammeter with alternating current which, for 
the purpose of the calibration, is measured by an electro-dyna- 
mometer ammeter. 

Plunger type voltmeters. — An instrument which will indicate 
effective alternating current correctly when calibrated as an am- 
meter with direct current, will also indicate effective alternating 
electromotive force correctly when calibrated as a voltmeter with 
direct electromotive force, provided the inductance of the instru- 
ment is negligible. This is exemplified by the use of the electro- 
dynamometer as a voltmeter as explained in Art. 13. Theplunger 
type instrument, however, does not indicate effective alternating 

•See ElimeHts ef Pkyiia, Nichols and Franklin, Vol. ]I, pages ll 
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current correctly unless specially calibrated as explained above, 
and, moreover, the inductance of the plunger type instrument is 
always fairly large. Therefore, for two reasons, a plunger type 
voltmeter should be calibrated with alternating electromotive force 
which, for tlie purpose of the calibration, is measured by an elec- 
tro- dynamo meter- voltmeter of negligible inductance, or by an 
electrostatic voltmeter. 

The Thomson inclined coil instrttment of the General Electric 
Company is a good example of the plunger type. The essential 
parts of the instrument are shown in Fig. 36. The coil A, 




through which the current flows, is mounted with its axis inclined 
as shown. A vertical spindle mounted in jewelled bearings and 
controlled by a hair spring s, passes through the coil, 

»A vane of thin sheet iron a is mounted obliquely on the 
'^nndle so that when a current flows through the coil the ten- 
oflency is for the vane to set itself parallel to the axis of the coil, 
l^us moving the pointer. 
16. The spark gauge. The high electromotive forces used in 
" break-down " tests of insulators are usually measured by means 
of the spark gauge which consists of an adjustable spark gap 
between needle points. This spark gap is varied until the elec- 
tromotive force to be measured is barely able to strike across it 
in the form of a spark. The length of the spark gap is then 
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measured and the value of the electromotive force is taken from 
the following table.* 



4.6s 


ii.S 


.■i-SS 


14.9 




18.0 


8. .15 


31.2 


9.6 


24.4 


0.75 


27-3 



m:ba Cnu 



140 13-95 354 

150 'S-o 38.1 

160 16.05 4°'7 

170 17. 'O 43-4 

180 18.15 46.1 

190 ig.20 48.8 

200 .20-25 51-4 

210 21.30 54.1 

220 22.35 S6.8 

230 23.40 59.4 

240 24.45 62.1 

250 .25.50 64.7 

260 .26.50 67.3 

270 27.50 69.8 

aSo a&so 72.4 

290 - 29.50 74.9 

300 30.50 77-4 



Figure 37 shows a testing transformer of the General Electiin 
Company. On the top of the containing case is a spark gauge ^ 
which is adjusted by means of a micrometer screw, the reading 

of which gives the length of the spark gap. The transformer is 
arranged to give electromotive forces (alternating) up to 10,000 



i 



volts. 

The indications of a spark gauge are subject to very considers 
able error on account of melting of needle points by the discharge 
(needle points must be very sharp to give best results), on account 
of drafts of air, on account of departure of electromotive force 
curve from a curve of sines, and on account of what appears to 
be the inherently erratic character of a spark discharge. It is, 
however, by far the most convenient method for measuring high 

'Based on experiments of C. P. Steioroeti on the Dielectric Strength of Air, 
TnjHt. Amtrican lusliliilt of EltelrUal Engintirs, Vol. W, pnges 281-230, I&9S. 
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rvoltages, and with care the unavoidable errors may be reduced 
I to one or two per cent, or even less. See a paper by H. W, 
Fisher, Transactions of InUrnatmial Electrkal Congress, Vol. 11, 
pages 294-312. St. Louis, 1904. 




^V 17. Transformer multipliers for alternating current instru- 
Oients. — A given direct-current voltmeter may be adapted to 
measure a high voltage by connecting a high resistance in series 
with the instrument. Such a resistance is called a multiplier ; 

jit may be used with an alternating-current voltmeter (except the 

I dectrostatic voltmeter). 
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A ^ven direct -current ammeter may be adapted to read the 
value of a large current by connecting a low resistance shunt 
across the terminals of the instrument The use of such a shunt 
with an alternating-current ammeter, however, is open to the 
objection that the multiplying value of the shunt varies with the 
frequency, so that a shunted alternating- current ammeter should 
be calibrated by alternating current of the same frequency as that 
for which the instrument is to be used. j 

T/ie so-called "potential traitsformer" is a small transformer for 
stepping down a high voltage in a known ratio so that the high 
voltage may be measured by a low reading voltmeter. Most 
switch-board voltmeters in alternating- current generating stations 
are connected to the mains through step-down " potential 
formers. 

The so-called "current transformer" is a small transformer 
through whose primary coil the current to be measured flows, 
and whose secondary coil is short-circuited through an ammeter 
The ratio of primary to secondary current is known, so tliat the 
value of the primary current may be inferred from the ammeter 
reading. Most switch-board ammeters in alternating-current 
generating stations are connected through " current " transformi 
in this way. 

The use of the potential transformer and of the current 
former makes it possible to completely insulate the switch -boardlj 
instruments from high-vo!tage mains. 



dons - 
ans^ 



18. Measurement of power in alternating cunent circuits, 
nitiOE of power factor. — The power delivered to a circuit by at^l 
direct-current generator is equal to the product of the voltage 
and the current, so that the power delivered by a direct -current 
generator can be determined by a voltmeter and an ammeter. 3 
The power delivered by an alternating- current generator, on t 
other hand, is generally less, and often very much less, than t 
product of the effective electromotive force of the generator a 
the effective current, so that the power delivered by an altcmating-J 
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current generator cannot be determined by a voltmeter and an 
ammeter. 

The wattmeter is almost universally employed for measuring 
power in alternating-current circuits. 

Power factor. — Let the effective value of the electromotive 
force of an alternator as measured by a voltmeter be -£, let the 
effective value of the current delivered by the alternator as 
measured by an ammeter be /, and let the actual power deliv- 
ered by the alternator as measured by a wattmeter be P, The 
product EI is called the apparent power ^ and it is customary 
to specify the value of EI in volt-avtperes in order to avoid 
the suggestion of actual power which would be conveyed by 
specifying the value of EI in watts. The ratio of the actual 
power P to the apparent power EI is called the power factor 
of the receiving circuit ; representing the power factor of the 
receiving circuit by /, we have 

P=EIp (2) 

The power factor of a receiving circuit depends not only upon 
the nature of the receiving circuit, but also upon the frequency 
and wave shape of the electromotive force of the alternator. 
Thus, the power factor of an electric arc between carbon rods is 
usually about 0.85, that is, the actual power delivered to the arc 
is only about 85 per cent, of the apparent power EL 

19. The wattmeter. — The standard method for measuring the 
power delivered by an alternator is by means of the wattmeter. 
The wattmeter is a special form of electrodynamometer, the con- 
nections of which are shown in Fig. 38. A fixed coil of coarse 
wire B is connected in series with the receiving circuit to which 
the power to be measured is delivered, and a suspended or piv- 
oted coil A of fine wire is connected across the supply mains in 
series with a non-inductive resistance R, The total current 
which is delivered to the receiving circuit flows through the fixed 
coil j5, a current ptoportional to the supply voltage flows 
through the pivoted coil A, and the force action between the 
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coils causes coil A to move and carry a pointer over a divided 
scale. The compensated wattmeter is described in Vol. I,, 
Art. 91. 

The wattmeUr, wlten calibrated with direct current and direct 
electromotive force, indicates power accurately when used with 
alternating etirrent, provided the inductance of tfte voltage coil. A, 
Fig. j8, is negligibly small. 

Proof. — Consider a wattmeter which gives a certain deflection 
with a steady electromotive force S across its voltage coil and a 
steady current C flowing through its coarse wire coil. The 
deflecting force is proportional to the product of the currents, 
SJR and C, in the two coils, that is, it is equal to ^x SJRx C, = 




W^V^ 



Supply m 



Suppose that the instrument gives the same deflection as above 
when ail alternating current / flows through its current coil and 
an alternating electromotive force c acts across its voltage coil, 
i and e both referring to the instantaneous values ; then the 
current in the voltage coil is ejR, if the circuit AR, Fig. i&, 
is non-inductive, the instantaneous force action between the coils 
is kx ejR-K i or ijRx ei, and the average force action is equal 
to k/R X average d; but, since the deflection is assumed to be 
the same as before, this average force action is equal to the con- 
stant force action kxSJRy.C, so that average ci = &C. Now- 
average ei is the power delivered by the alternating current, and 
SC is the jJower delivered by the direct current, and since aver- 
age ci is equal to SC, it is evident that, if the instrument indi- 
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cates watts correctly on a direct-current circuit, it will indicate 
watts correctly on an alternating-current circuit. 

Inductance error of ths maXtmeter. — This discussion applies only to harmonic 
electromotive force and current, and It presupposes a knowledge of CliB[>ters III and 
IV. Let the line OE in Ibe clock diagram, Fig. 39, represent Ihe electromotire 




lOrci! between the supply mains, the line 
circuit, sod the line O/. the current (gen 
38. The diagram shows the current /, in pha» 
if the circuit AR, Fig. 38, were absolutely no 
/ of inductance in thccit 



delivered to the receiving 

,11) in Ihe circuit AR, Fig. 
with E which would be the case 
inductive. The effect of a smalt 
la very slightly towards h, thui 



Ussfning the angtt 8 between I^ and It by the small amount 6S, but ■aiitkoul pro- 
ducing an appreciable decrease in ihe value of /». 

The average value of the product of the currents in the two wattmeter coils is 
lalt cos ft, the force action between the coils is proportional to this average product, 
and the defiection D is proportional to the average force action. Therefore we may 



ZJ = */,/( cos fl 
constant. The change of reading ^D due to the decrease, i.9, 
hD = tI,hiine-\6 
Therefore, the actual wattmeter error, AD, due to inductance in Ihe circuit . 
when the receiving circuit is 



Id whidi k a 
the angle 6 i 



and reaches a maximum when the 
and the percentage error of Iheii 
to jero when the receiving circuit 
when the receiving circnil is highly 



■, AD, due to i; 

■inductive (sin d^ o), and it increases with S 

ng circuit is very highly inductive (siuS^ l) ; 

lely, ADjD (=tanflA0) is equal 

ctive, and it becomes inde tin itely large 

hat is when ti approaches 90°, 



20, The watt-hour meter is an instrument for summing up the 
total work or energy delivered to a circuit. There are two types 
of watt-hour meter in general use, namely, the commutator-motor 
type and the induction-motor type. The commutator-motor type 
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of watt-hour meter is exemplified by the Thomson meter which 
is described in Art, 92 of the first volume of this text. This 
meter can be used on either direct-current circuits or alternating- 
current circuits, but the induction meter is suitable for alternating- 
current circuits, only. The induction meter is generally used on 
alternating- current circuits because of its simplicity and cheapness. 




In the induction watt -hour meter a thin disk of aluminum 
copper is mounted on a delicately pivoted spindle and driven by 
an electromagnetic device at a speed proportional to the power 
delivered to the receiving circuit. The total number of revolu- 
tions of the spindle is therefore proportional to the work delivered 
to the receiving circuit, and this is indicated directly in watt-hours 
by dials which are driven by the rotating spindle. 

The essential features of the electromagnetic device for driving 



the metal disk are shown in Fig. 40. The disk DD rotates in 
front of the three magnet poles ABB of a laminated iron struc- 
ture as shown. The lugs BB are wound with coarse wire 
through which flows the total current i that is dehvered to 
the receiving circuit, and tlie lug A is wound witli fine wire 
which is connected across the supply mains. 

The driving torque exerted by this device would be exactly 
proportional at each instant to et if the following two conditions 
were exactly satisfied, namely: (n) If the magnetic flux in the 
lugs B and B were exactly proportional at each instant to i, 
and {b) if the electromotive force e across the supply mains were 
exactly balanced at each instant by the electromotive force 
induced in coil A by the changing flux through the lug A, 
which would be the case if the resistance of coil A were negli- 
gibly small. The action of the device will therefore be explained 
on the assumption that these two conditions are satisfied ; in 
fact they are approximately satisfied in a well designed induc- 
tion meter. 

The changing flux* through lug A produces not only an 
electromotive force in coil A which is equal to e at each 
instant, but this flux also induces a proportional electromotive 
force in the disk along the dotted circles, and this electromotive 
force produces a proportional current in the disk along the dotted 
circles. This current in the disk, which is proportional to e, in 
flowing under the lugs BB, causes the flux under BB to push 
on the disk with a force which is proportional to the current {kf), 
in the disk and proportional to the flux {k'l), under BB. The 
force acting on the disk is therefore proportional to ei at each 
instant. The average driving torque is therefore proportional 
to average ei, and, by using permanent magnets for damping 
the motion of the disk, the disk is made to run at a speed pro- 
portional to the driving torque. 



•The changing flux in lugs BB produce 
aader lug A. The average force due lo thi: 
■Tcrage power delivered to the receiving circ 



I in the disk, which ct 
lation is also pttiportii 
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HARMONIC ELECTROMOTIVE FORCE AND CURRENT. 

21. Definition of hannonic electromotive force and current. — A* 
harmonic electromotive force (or current) is an electromotive force 
(or current) which is at each instant proportional to the sine or 
cosine of an angle which increases at a constant rate. Thu.s, lat 
is an an^le which increases at a constant rate, / being elapsed 
time reckoned from some chosen instant, and a> being a constant, 
so that a harmonic electromotive force, e, may be represented 
by the equation : 

^ = E sin wt (3) 

A harmonic electromotive force (or current) is represented, in 
rectangular coordinates, by a curve of sines of which the abscissas 
represent elapsed times, and the ordinates represent successive 
values of electromotive force (or current). 

Tke dock diagram. — A line OP, Fig. 41, rotates at a uni- 
form angular velocity of / revolutions per second, or w ( = 277/") 




radians per second, about the point in the direction of the 
curved arrow, and the vertical projection of OP is at each instant 
equal to OP times the sine of the angle eat. Therefore, if the 
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length of OP represents the maximum value E (or I) of a 
harmonic electromotive force (or current), then tlie vertical pro- 
jection Ob will represent at each instant tlie actual value of 
the harmonic electromotive force f (or current (). 

Consider, for example, the two lines E and I, Fig. 42, which 
are imagined to be rotating f revolutions per second in the direc- 
tion of the curved arrow, so that thdr vertical projections may 
represent successive instantaneous values of a harmonic electro- 
motive force and of a har- 
monic current, respectively. 
Under these conditions the 
lines E and I are said to 
represent the harmonic 
electromotive force and 
current, and the diagram. 
Fig. 42, is called a clock 




The definitions of cycle, 
period and frequency given in Art. 6 apply also to harmonic 
electromotive forces and currents. In case of harmonic electro- 
motive force and current, however, the frequency, /, which is 
represented by the number of revolutions per second of the lines 
E and I in Fig. 42, can also be expressed in radians per second, 
ta ; and, since there are 27r radians in a revolution, we have 



• 2-Jrf 



(4) 



22. Phase difference. — Consider a harmonic electromotive 
force £ and a harmonic current i of the same frequency. It often 
happens that the current reaches its maximum value after the 
electromotive force has passed its maximum value, as shown in 
Fig. 43. In this case the current is said to lag behwd the elec- 
tromotive force in phase. In some cases the current reaches its 
maximum value before the electromotive force reaches its maxi- 
mum value ; and in such a case the current is said to be ahead of 
the electromotive force in phase. When a current is behind an 
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electromotive force in phase, it is called a laggirig current ; and 
when a current is ahead of an electromotive force in phase, it is 
called a leading current. 

The phase difference between a harmonic electromotive force ■ 




and a harmonic current is, properly speaking, a time interval, 
namely, the time interval t in Fig. 43 ; but it is most convenient 
to express phase difference as an angle. Thus, Fig. 44 is a 
clock diagram in which the lines E and I represent the har- 
monic electromotive force e and 
the harmonic current ; which are 
shown in Fig. 43, and the phase 
difference is represented by the 




*'-' The electromotive force and cur- 
rent represented in Fig. 42 differ 
in phase, and the algebraic expressions for the vertical projections 
of the lines E and I are 



f = E sin tttt 

I = I sin [wt — B 
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When the angle 6 is zero, e and i are said to be in pliase 
with each other. In this case e and ;' reach their maximum 
values together, they pass through zero together, and so on. 

When the angle Q is 90°, e and / are said to be in quad- 
rature with each other. In this case e is zero when / is at its 
maximum value, and vice versa. 

When the angle 6 is 180°, e and ;' are said to be tn oppo- 
sition. In this case e and i pass through zero together, but 
when one is positive the other is negative. 

23. Composition and resolution of hannonic electromotive forces 
and cuirents. — It often happens that two or more harmonic elec- 
tromotive forces (or currents) are added together. Thus, when 
two alternators are connected in series their electromotive forces 
are added, and when two alternators are connected in parallel 
their currents are added. Again, it often happens that a given 
harmonic electromotive force {or current) is divided into parts. 
Thus, when two coils are connected in series between supply 
mains, the supply voltage is divided between them, and when two 
coils are connected in parallel between supply mains, the total 
current is divided between them. The adding of harmonic elec- 
tromotive forces (or currents) is 
called composition, and the dividing 
of a harmonic electromotive force 
(or current) into parts is called 
resolution. 

Composition. — Consider two har- 
monic electromotive forces e^ and e^ 

of the same frequency. Let e^ and e^ be represented by the 
lines E| and E^ in the clock diagram. Fig. 45. The sum e^ -\- e^ 
is a harmonic electromotive force of the same frequency as e^ and 

, and this sum is represented by the line E, Fig. 45, which is 

I'tiie geometric or vector sum of the lines E, and E^- This is 

■'evident when we consider that the projection, on any line, of the 

Agonal of a parallelogram is equal to the sum of the profectiafis 

f the two adjacent sides of the parallelogram. 
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Resolution. — A given harmonic electromotive force (or cur- ' 
rent) may be resolved into a number of parts each of which is a 
harmonic electromotive force (or current) of the same frequency 
as the given harmonic electromotive force (or current). Thus 
the line E, Fig. 45, represents a given harmonic electromotive 
force, and the lines Ej and E^ represent two parts into which 
the given electromotive force may be resolved. 

Examples of composition and resobition. — {a) Two alternating- 
current generators, A and B, running in synchronism, are 
connected in series between mains as shown in Fig. 46a, and the 
total electromotive force between the mains is related to the 
electromotive forces of the respective machines as shown iii. 



FiB. 46". Fig. 46*. 

Fig. i,6b. The phase difference between E_ and Ej may have 
any value whatever, 

(1^) Two alternating-current generators, A and B, running 
in synchronism are connected in parallel between mains as shown 
in Fig, 47a, and the total current delivered to the mains is related 
to the currents delivered by the respective machines as shown in 
Fig. 47*. The phase difference B may have any value whatever. 

(<:) Figure 48^ shows two coils (or receiving units of any kind) 
A and B, connected in series between alternating-current supply 
mains. The voltage between the mains is represented by the 
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»e E in Fig. 48^, and the voltages across A and across .5 are 
represented by the lines E, and E, respectively. The phase 
difference 6 may have any value between zero and 180". 

{d) Figure 490 shows two coils (or receiving units of any kind) 




A and B, connected in parallel between alternating-current 
supply mains. The total current delivered to A and B is 
represented by the line I in Fig, 49^, and the currents in A 
and B are represented by the lines I, and I, respectively. 





Fig. *a-. FH. tai. 

The phase difference 9 may have any value between zero and 



24. Rate of change of harmonic current. — When the current 
in a circuit changes, a portion of the electromotive force which 
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acte on the circuit is used to cause the current to change, 
portion of the electromotive force so used is equal to the product 
of the inductance of the circuit and the rate of change of the cur- 
rent.* Therefore a discussion of the relation between current and^ 




voltage in an alternating-current circuit depends upon a knowle(^ 
of the rate of change of the current. 

Tile rate of change, dijdl, of a harmonic current i is a har- \ 




monkally varying quantity, that is, dijdt is proportional at each 
instant to the sine or cosine of a unifonnly increasing angle tot, the 

*The sludeat who is not familiar with [be phenomena of induclance should read 
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maximum value of dijdt is equal to m times the maximum value 
of i, and dijdt is po° ahead of i in phase. 

The meaning of this proposition may be made clear by a clock 
diagram. Thus the vertical projection of the rotating line I, Fig. 
50, represents the value of ; at each instant, and the vertical pro- 
jection of the line (ol represents the value of dijdt at each instant. 

The truth of this proposition is evident from the following con- 
siderations : The length of the rotating line t?I, Fig. 51, is I, 
its angular velocity is w. and the actual velocity of the end / 
of the line is wl, as shown by the dotted arrow in Fig. 5 1. 
Furthermore, the vertical projection of this velocity is the velocity 




of the point a, the velocity of a is the rate of change of Oa, and 
Oa is the value of i. 

The truth of the above proposition may also be shown by 
differentiating the expression for /', namely. 



which gives 



(' =1 sin tut 

di ,.T 



^ = (ul sin (ffl/ + 90°) 

The relation between a harmonic alternating current i and i1 
rate of change, dijdt, is so important in the discussion of th 
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relation of voltage and current, that it is worth while to show 
this relation in every possible way. Thus, the ordinates of the 
full-line curve 'in Fig. 52 represent the successive values of an 
alternating current /, and the steepness of this curve represents 
the value of dijdt at each instant. To show the relation be- 
tween i and dijdt still more clearly, a curve may be drawn, the 
dotted curve in Fig. 53, of which the ordinates at each point 
represent the steepness of the current curve. This dotted curve 
has its maximum value where the current curve crosses the axis ; 
that is the maximum positive value of dijdi occurs one quarter 
of a cycle (= 90° of angle) before the maximum positive value 
of (". 

Example. — A harmonic alternating current has a frequency of 
60 cycles per second or ztt x 60 radians per second (= o>), 
and its maximum value is 100 amperes. The maximum rate of 
change of this current occurs at the instant that the current passes 
through zero, and it is equal to 2Tr x 60 x 100 amperes per 
second, or 37,699 amperes per second. To force this current 
through a circuit having an inductance of o. i henry, but having 
no resistance at all, would require a harmonic electromotive force 
whose maximum value would be o.i X37,699 volts, or 3769.9 
volts, and this electromotive force would be 90° ahead of the 
current in phase. 

2fi. Average values and effectiTe values of harmonic electronwifl 
live forces and currents, («) Definition of average value. — The 
average value of any varying quantity y during an interval of time 
from t' to i" is by definition equal to 1y-^t divided by the 
duration of the interval, the summation being extended over the . 
whole interval. That is I 

If the successive values of^r be represented by the ordinates n 
of the curve ad, Fig. 53, then I ydt is equal to the shaded 
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area, and y, -; | ydt is the height of the rectangle fcdt" 



which has an area equal to the shaded 
of ji during the interval i^ to ^' v. 



area, the average value 
the height of this rec- 




tangle, and the height of this rectangle is equal to the area 
under the curve divided by the length of base, 

(J)) Average value of the sum of a number of variable 
quantities. — Let x, y, s ■■■ be a number of variable quanti- 
ties. Then the average value of (;tr + / + a -f ■ ■ . ) is equal to 
Av. :(■+ Av.j'+Av. 3'+ ■ ■ -. Thisis evident when we consider that, 

Av.(x+^+^---}isbydefinitionequalt03^,-2p / (x-\-y-\-s-\ )dt, 

whichisegualto^TT^^ I xdl-if^f—^, \ ydt-{-pj~p\ zdt+---, 

but this latter expression is by definition equal to 
Av, X + Av._y + Av. 3 -\- ■■-. 

Propositioii. The average value of a harmonic electromotive 
force {or current') during a half cycle is equal to two times the 
maximum value E ior I) divided by -rr. 

The average value during one or more complete cycles is of 
course equal to zero. 

Prasf. Let ^ = KsiinJ/ be a given harmonic elcctromotiTe force. The BTerage 
nine of < i« by definition eqaal to -^, — -^ y edl, or -^ — -^ y sin utdl. A 
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half cycle (positive 


values of A lies between the limits ut = 


o, and ut = -K, so that 


f^o and t" = jr/u. Therefore the average value of e 


daring a half cycle U 


-» fx: 


''"^■aatdt. Let x = ul, iheo dx = 


dl\ also when / = o, 


.1 = 0, and when 


t — TT/u, i: = w. Therefore 


■ 




verage value of s = — J _ sin .ra'x = 


i 


Proposition. 


T/te square root of the average square of a hai^m 


moiUc electromotive force {or current) during 


»« or m«-e «,**■ 


cycles is equal 


to the maximum value E {or 


I) divided by tht ^ 


square root of two. That is 






^-h 


(S) 




'~-h 


(6) 


These relations 


may be established by redndng the expression ~^—J^ Ail; 


bat the folloving 




^ult more eanly. Let 


*=Bsinu/, then 


("=E'sin«u/, and Av. ^» = Av. (E'sin 


<j/)=E«Av. (sin't^Ji 


bat we have the general relation : 




50 that 


sin' u( + cos! L.( = r 
Av. (an'tj/)+Av. (costo/} = i 




and, since the cosin 
set of values during 


e of a uniformly variable angle passes similarly through the same 1 
a cycle as the sine, we have | 




Av. (sin'.j()=Av. {cos«u/} 


(•) 


Hence, from equati 


™ (*) we have 




Therefore 


Av. (sin'«^)=i 
Av. ^' =r E^ Av. {sin"<V) = ^ 


w 


The use of effective values of electromotive force and current in 1 


the clock diagram. According to Art. 21 the lines in a clock j 


diagram are s 


apposed to represent maximun 


valuts of electro- J 
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motive force and current, but, since the ratio of maximum values 
to effective values is a constant according to equations (5) and (6), 
it is permissible and customary to consider that the lines in a 
clock diagram represent elective values. 

26. Expression for power in the case of harmonic electromotive 
force and current. The power developed by an alternating 
electromotive force pulsates as explained in Art. 9, and the 

, average power (average value of ei) is the important considera- 

■ tion. 

^1 Tke average power P developed by a kannonic electromotive 

^mfbrce e {= E sin mt) i?i maintaining' a harmonic current i 

■[= I sin {o)^ - 5)] is: 

■^ P^EIcosB (7) 

F in which E and / are the effective values of the electromotive 






£t... 








^^^ s 






K, 


,» ^~<,^^ 






.. 




^B 





FIB. 54. FiE- 55. 

force and current respectively, and 6 is their pha.se difference, as 
shown in Fig. 54, 

To establish equation (7) it is necessary to find the average 
value of ei. Using E sin <ot for e, and I sin(ai/ — 9) for i, we 
have : 

ei = EI sin wt sin(o)^ — 8) {a) 

or, since sin(to/ —9) = sin n>t cos 6 — cos ret sin 6, we liave : 

ei= Elcosff-sinW— Elsin^'siniw/cosfti/ 
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Av. « = EI cos 6 ■ Av.(sinW) — EI sin 8 ■ Av. (sin «/ cos art) 

But the average value of sin'w^ is J^, and the average value a 
sin w/ cos (U^ is zero. Therefore 



or, using equations (5) and (6), we have : 
Av. ei = EI cos 6 
Power factor. — By comparing equation (7) with equation (2)j,J 
it is evident that the power factor of a receiving circuit is equal fii 
the cosine of the angle of phase difference between the harmoru 
electromotive force which acts on the circuit and the harmom 
current which is maintained in the circuit. 

Power-component and wattless-component of electromotiTe force. 
— Let the clock diagram, Fig, 55, represent a given harmonic 
electromotive force E and the harmonic current / which is 
maintained by E, let the line / be chosen as the reference 
axis, and let us consider the two components of E, namely, 
EcosS and £sm6, as shown. The component, Ecosd, which 
is parallel to / is called the pffwer-component of E, and the 
component, E sin 9, which is at right angles to / is called the 
wattless-component of E. 

So-called power-component and wattless-component of current. — 
Let the clock diagram. Fig, 56, represent a given harmonic elec- 
tromotive force, E, and the har- 
monic current, /, which is main- 
tained by E, let the line E be 
chosen as the reference axis, and 
let us consider the two compon- 
ents of /, namely, / cos B and / 
sin B, as shown. The component, / cos 6, which is parallel to 
E\% sometimes called the power component of the current, ; 



> parallel to | 
current, and 1 

ihliilili'^^^H 
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the component, / sin 0, which is at right angles to E is some- 
times called the wattless cofnponent of the current 

It is more legitimate, physically, to speak of a wattless electro- 
motive force than it is to speak of a wattless current Thus, the 
rate at which heat is generated in a circuit by a harmonic current 
is RP, and this is equal to i? x (power component of /)* plus 
R X (wattless component of /)*. That is, there is no such thing, 
physically, as a wattless current in a circuit which has resistance, 
although a g^ven current may be resolved into two components 
as shown in Fig. 56, and the component I sin does not receive 
poTiVer front the generator. 



CHAPTER IV 



FUNDAMENTAL PROBLEMS 

27. The current-voltage relation. — To determine the electromotive 
force required to maintain a given harmonic current in a circuit 
having resistance and inductance and containing a condenser. 

A coil of resistance R and inductance Z, and a condenser 
of capacity C are connected in series across alternating current 
mains as shown in Fig. 57. An alternating current flows back 



Supply main 



Sit 



2 



««(=/; 



Supply main 








Fig. 57. 



Fig. 58. 



and forth through the coil and charges the condenser first in one 
direction and then in the reverse direction repeatedly. The prob- 
lem of finding the relation between the current in the coil and the 
electromotive force between the mains is reduced to its simplest 
form as follows : 

To determine the electromotive force Jiecessary to make the charge 
q on the condenser vary harmonically ^ so that 

^ = Q sin ft)/ {d) 

in which t is the elapsed time, tot is an angle increasing at a 
constant rate, and Q is the maximum charge on the condenser. 
This varying charge may be represented by the rotating line Q 
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in the clock diagram Fig. 58. The current in the circuit is the 
rate of change of y, that is 

' = 5 (') 

Now, in Art. 24 It is shown that the rate of change of a kar- 
monicallyvaryitig quantity is another harmonically varying quan- 
tity of the same frequency, that its maximum value is w times 
the maximum value of the given harmonically varying quantity, 
and that it is 90° ahead of the given harmonically varying 
quantity in phase. That is, dgjdt{=i)h go° ahead of q in 
phase, and its maximum value is <uQ(= I) as shown in Fig. 58. 
L The total electromotive force required to cause the charge on 
I the condenser to vary according to equation («) under the con- 
L ditions shown in Fig. 57, may be considered in three parts : 
^^t I. The part required to overcome the resistance R. This 
^^part is equal at each instant to Ri, and it is therefore a har- 
^^onic electromotive force in phase with /, and its maximum 
value is Rl. 

2. The part required to cause the current (' to increase and 
decrease, or, in other words, the part required to overcome the 
reaction of the inductance L. This part is equal to L{d{jdi) at 
each instant, and it is therefore (see Art. 24) a harmonic electro- 
motive force which is 90° ahead of i in phase, and its maximum 
value is all. 

3. The part required at each instant to hold the charge q 
on the condenser, or, in other words, the part that is required to 
overcome the reaction of the condenser. Now, the charge q on 
a condenser is equal to eC, where e is the electromotive force 
across the condenser terminals, and C is the capacity of the 
condenser, so that e = qjC. Therefore the electromotive force 
required to overcome the reaction of the condenser is equal to 
qjQ that is, it is in phase with q (or 90° behind 1), and its 
maximum value is Q/C (or IfcuC, since I = wQ). 

SoiutioK of the given problem by the clock diagram. Let 
line I, Fig, 59, represent the given harmonic current (the 



t the ^m 

H 
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as the line a>ft in Fig. 58), then the three parts of the total 
electromotive force are represented by the lines Rl, a>LI, and 
I/g)C, respectively, as shown, and the total electromotive force is 
represented by the line E which is the vector sum of Rl, mil, 
and l/(oC. Therefore, from the right triangle whose sides are 
(721), {toll — I/a)C), and E, we have : 

or, using equations (5) and (6) of Art. 25, we have 



and 



E=.I^I^ + [.L-^)' 



(8) 



a)L — 



tan = 



(aC 



R 



(9) 



These two equations determine the effective value and phase 
of the harmonic electromotive force required to maintain a given 



iaLI 




Fig. 59. 



harmonic current, or they determine the effective value and 
phase of the harmonic current that is maintained by a given 
harmonic electromotive force under the conditions represented in 

Fig. 57. 



► 
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28, Resistance, reactance, and Impedance. By inspection of 

Fig. 59 it is seen that the component of E parallel to /is equal 
to RI* The resistance of an alternating current circuit is in 
general defined as titat factor which multiplied by I gives the 
component of E parallel to I. In the case discussed above, the 
resistance of the circuit is the ordinary resistance, R, of tlie coil 
shown in Fig. 57. This simple case is tlie only one that need 
now be kept in mind, although the definition here given applies 
to cases to be discussed later, in which the so-called equivalent • 
resistance of an alternating -current circuit is very different from 
the resistance of the circuit as ordinarily defined. f 

By inspection of Fig. 59 it is seen that the component of E, 
iWhich is 90° ahead of / in phase, is equal to (wi — i/eaC)/. 
T^e factor X (=iuZ— ijasC), by which an alternating current 
is to be multiplied to give the component of E which is po° ahead of 
I in phase, is called the reactance of the alternating current circuit. 
According to this definition the reactance of the circuit is to be con- 
sidered as negative if E is behind / in phase. In the case dis- 
cussed above, the reactance is equal to (a>L ~ i /toC), and this 
simple case is the only one tliat need now be kept in mind, al- 
though the definition here given applies to cases to be discussed 
later, in which the so-called equivalent reactance of an alternating- 
current circuit is not equal, simply, to (w/l — t la>C.).t 

By inspecting equation (8) it is seen that the effective value 
of an alternating electromotive force is equal to the effective 
value of the current multiplied by the square root of the sum 
of the squares of the resistance and the reactance of the circuit. 
The square root of {R' -f- A'') is called the impedance of the 
circuit.' 

By substituting the value 

A'=mL 



" See Art. 15, pnge 61, for a staleraent 
in the clock diagrani. 

tSee the topic " equivalent resistance" 
J See the topic "equivalent reactance" 
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in equations (8) and (9) we have : 

E=lVli'+X' 
or £ 



and 



l/JP + J-'J 
tan9 = :J 



(I.) I 



(.2) 



Resistance, reactance, and impedance are all expressed in ohms. 
It is to be remembered however that reactance, and of cours^j 
impedance also, depend upon frequency as well as upon the con- 
ditions actually existent in the circuit. 

29. Conductance, 9uaMpt«nce, and admittsnce. The factor s h ■which tk 
eleclromotivf furei E is mHllipliid to givt Ike (smfontnl of I parallel la E i 
lalhd the CODdnctaDU of an allernaling current circuil. 

Thefactor b bywhich the electrBmotivi force £ is multiplied to give l/le cim^ 
nent of 1 which is go" behind E, is called the soaceptanca of kd alternating aM_ 



The factor v^ 
lif lied to give the 



V by which Ike value of the eleclromoi 
eof I II called the admittance of a: 






ic <|UBnti1ies conductance, susceptanc 
inee, and impedance as follows ! 



.efor. 
alternating rurMjtf 

related to reshtUKX^ 






in which y is the Rdmitlance, and i h ihe impedance. 

The use of the quanliljes conductance, susceptance, and admittance simpUGetfl 
algebraic treatmenl of the problem of coils in parallel B3 exemplified in Art. 46. 

30. Special cases of the problem of Art. 27. (a) Non-indud 

circuit. In this case the electromotive force must overcod 
resistance only, and therefore the electromotive force is equal j 
Ri at each instant, that is the electromotive force is in phi 
with i and its effective value is equal to RI. 
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(S) Circuit containing resistance and inductance. In this case 
the component of E parallel to / is equal to /?/, the reactance 
of the circuit is equal to o)Z, and the component of E which 
is 90° ahead of / is equal to toLI^ as shown in Fig. 60. In 





Fig. 60. Fig. 61. 

this case the current lags behind E in phase by the angle whose 
tangent is (oLjR, an angle which approaches 90° when g)Z 
is very large compared with R, 

{c) Circuit containing resistance and a condenser. In this case 
the component of E parallel to / is equal to RI^ the reactance 
of the circuit'is equal to minus i/ft)C, and the component of E 
which is 90° behind I is equal to /x i/coCas shown in Fig. 61. 
In this case the current is ahead of E in phase by the angle 
whose tangent is i/oC divided by 7?, an angle which ap- 
proaches 90° when i/g)C is very large compared with R, 

31. Growth and decay of current in an inductive circuit, {a) When a con- 
stant electromotive force S is applied at a given instant to a circuit containing 
resistance and inductance, the current gradually rises from its initial value of zero to 
a final steady value equal to ^/^. During the time that the current is growing in 
value, part of the impressed electromotive force acts to overcome resistance and the 
part so used is equal to Ri ; and part of the impressed electromotive force acts to 
cause the current to increase and the part so used is equal to L • dijcie. Therefore 
we have : 

The integration of this differential equation under the condition that i = o when 
^=0 (that is 1^0 at the instant when the electromotive force 6 is applied), 
gives the equation of the growing current, namely : 

. s s -§•« ■( 

^- R R 
in which c is the Napierian base. 
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A graphical representation of the growing current in an inductive circuit im- 
mediately after a constant electromotive force S is applied to the circuit is shown in 
Fig. 62. 

{b) If a given current is established in an inductive circuit and the circuit is then 
closed and left to itself, the current dies away or decays. In this case no electro- 
motive force acts on the circuit from without, and equation (t) become : 




Growing earrent 
R^S obma 
L=0,a4 benry 
E=110 volts 



hundredths of a second 



4 5 

Fig. 62. 



» 



Decaying cnrrettt 
R'S obma 
L^O.M- benry 
I'=36,7 amperes 




bandredtba of a second 



8 



The integration of this differential equation under the condition that t = s. given 
value, 3f when /=:0, gives the equation of the decaying current, namely; 



-r' 



(14) 



in which c is the Napierian base, and B is the given value of the current when 
/=o. 

A graphical representation of the cjecaying current in an inductive circuit is shown 
in Fig. 63. 
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32. The decaying oscillatory cnnent When a charged condenser is short- 
ircuited by a circuit containing resistance and inductance, a current surges back and 
brth through the circuit, each surge of current being less in value than the pre- 
:eding surge, until the surges cease. Such a decreasing or decaying oscillatory cur- 
rent is represented graphically in Fig. 64.* 




Fig. 64. 



33. The effects which are produced immediately after a harmonic alterna- 
ting electromotiye force is connected to a circuit, (a) PVAen the circuit contains 
resistance and inductance. The dotted curve e Fig. 65 represents a given harmonic 
alternating electromotive force, and the curve m represents the harmonic current 
which would be maintained by e in a given inductive circuit. The relation between 
f and m is given by equations (ll) and (12) Art. 28. If the harmonic electro- 
motive force is connected to the circuit at any instant / at which the maintained cur- 
rent m would be zero, then the maintained current starts off at once without any 
complications. If, however, the harmonic electromotive force is connected to the 
circuit at any instant t^ at which the maintained m would not be zero, then, since 
the actual current must be zero at the instant that e is connected to the circuit, the 
result is complicated. The current which starts is the maintained current m plus 
a decaying current dy the decaying current being such that {m-\- d') is zero at the 
instant /'. After a very short time the decaying current d disappears, and the 
maintained current m alone exists. 

* The differential equation of the decaying oscillatory current is 

dt^^ dt^C 

in which q is the varying charge on the condenser. The integration of this equatir-- 
is discussed in Bedell and Crehore*s Alternating Currents, 2d edition. Chap, 
pages 105-108. 
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(^) When the circuit has resistance and inductance and contains a condenser. In 
this case the current which starts to flow is the maintained current m plus a decay- 
ing oscillatory current, and after a very short time the decaying oscillatory current 
disappears and the maintained current m alone exists. 




84. Electric resonance. A harmonic electromotive force of 
given effective value will produce the greatest possible value of 
alternating current in a given circuit (given resistance, given in- 
ductance, and given capacity arranged in series as shown in Fig. 
57), if the frequency of the electromotive force is such as to 
make 



(oL 7^= o 

0)6 



(0 



This is at once evident from equation (8) of Art. 27. This 
production of a maximum current in a given circuit by an electro- 
motive force of a given effective value at a certain critical fre- 
quency is called resonance. The critical frequency in radians per 
second (©) is determined by equation (i), namely : 



0) 



= w 



or since the frequency, /, in cycles per second is equal to o>/2w, 
we have : 



/ 



-J- IX 

~ 27r \ Z^ 



(ffi) 
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At the critical frequency the reactance («/. — ^l''>C) is equal 
to zero, equation (8) of Art. 37 reduces to I=EjR. and equation 
(9) of Art. 27 shows that 8 is zero. That is, at the critical fre- 
quency the reaction of the condenser annuls the reaction of the 
inductance, and, after the current beeotnes established, the circuit 
behaves as if it contained resistance only. The annulling of in- 
ductive reaction by capacity reaction means simply that the elec- 
tromotive force, aLI, Fig. 59, which overcomes inductance is 
equal and opposite to the electromotive force, IjfuC, which over- 
comes the reaction of the condenser, so that the electromotive 
force which acts on the circuit has to overcome resistance only. 

The ver>' sharply defined frequency at which resonance occurs 
is shown in Fig. 66. The ordinates of the curve represent the 
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effective values of the current produced by a harmonic electro- 
motive force of 200 volts (effective) in a circuit like Fig. S7 '" 
which R=2 ohms, £ = 0.352 henry, and f = 20 x lO"" 
farad ; and the abscissas represent various frequencies. At very 
low frequencies the value of i/wC is very great, and the cur- 
rent is limited by the condenser reaction ; at the critical fre- 
quency of 60 cycles per second, the current is equal to EIR' 
100 amperes effective); and at very high frequencies the 
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of <oL is very great, and the current is limited by the inductanct 
reaction. It is interesting to note that at the critical frequency 
of 60 cycles per second, with a current of 100 amperes, the 
electromotive force across the condenser terminals is 13,270, 
volts effective (= //wC) although the total electromotive foi 
acting on the circuit is only 300 volts. 

Mechanical resonance, analog of electric resonance. A weight 
M, Fig. 67, is attached to the end of a flat spring which is 
clamped in a vise, and the weight M is caused to oscillate back 
and forth in a vessel of water 
by an alternating force f of 
definite frequency. In general 
the force f has to do three 
things, namely : [a) Overcome 
the resistance with which thCM 
water opposes the to-and-fivfl 
motion of M\ (^) overcome the 
inertia of the weight jW as it 
gains and loses velocity ; and 
((■) overcome tlie elastic reaction 
of the spring. These three parts 
of f are related to each other 
and to the changing velocity v 
of M in exactly the same way 
that the three parts, Ri, L ■ di/ilt, 
and y/C(see Art 27), of an impressed electromotive force are 
related to each other and to the changmg current / in the circuit 
shown in Fig. 57. The weight J/ when mounted as shown in Fig. . 
67 has a definitefrequency of free oscillation, and at this frequent 
the elasticity of tlie spring takes care of the inertia reaction o 
M, and the inertia reaction of M provides the force necessary tl 
bend the spring. Therefore, if the frequency of the force _/) F^ 
67, is the same as the frequency of the free oscillations of J 
then, after the oscillatory motion of jW is fully established, ' 
force/ is used only to overcome resistance. 
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A careful consideration of this mechanical analog will serve to 
elucidate one of the most important aspects of electrical reson--' 
ance. Suppose that the mechanical resistance of the water in 
Fig. 67 is not very large, then a ver>- small alternating force / 
applied to the system shown in Fig. 67 will, if it continues to act 
for some time, build up a very violent oscillatory motion, and the 
spring will be subjected to bending forces vastly greater than the 
maximum value of the force y. In fact the spring may be broken 
by tlie continued application of a comparatively weak alternating 
force of the proper frequency. Similarly, a weak alternating 
electromotive force of the critical frequency applied to the circuit 
shown in Fig. 57 will, if it continues to act for some time, build 

top a very large alternating current, and the electromotive force 
across the condenser terminals (= IjaC) may become so large 
tei to break through the insulation of the condenser. 
' S5. Multiplication of electromotive force by resonance. When 
resonance exists in a circuit containing a condenser and an induc- 
tance in series, tlie eflective electromotive force, tuLI, across the 
terminals of the inductance and the effective electromotive force 
IjtoC across the terminals of the condenser may both be much 
iljreater than the effective electromotive force RI which acts on 
the circuit. This fact is easily understood by referring to the 
mechanical analog. Thu.s, if a periodic force acts on a weight 
which is suspended by a helical spring, the weight will be set into 
very violent oscillation even if the periodic force is weak, provided 
the frequency of the force is the same as the frequency of free 
oscillation of the weight Under these conditions the force which 
alternately stretches and compresses the spring, and the force 
which accelerates the weight up and down may both be enorm- 
ously greater than the periodic force which acts on the system 
from outside. 

Example. — Under the conditions specified in connection with 
Fig. 66, namely, R =■ 2 ohms, i = 0.352 henry, and C= 20 
X IO~' farad, tlie electromotive force of 200 volts at the critical 



V 
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frequency. produces lOO amperes, and ti>LI and IjaC are bol 
equal to 13.270 volts. 

36. Multiplication of current by resonance. — When an indue- j 
tance and a condenser are connected in parallel,* as shown in Fig; I 





Fig. 6B, Fig. 69. 

68, the total current delivered to the two divides, and the current 
in each may greatly exceed the total current. The current r 
tions are shown in the clock diagram Fig. 6g. In this figure 
line OE represents the electromotive force between the brancll 
points a and b, the line £?/, represents the current that flo\W 
through the inductance, the line 01^ represents the current that 
flows through the condenser, and the line 01 represents the total 
current delivered by the alternator. 

The multiplication of current by resonance may be easily under- 
stood by referring to the mechanical analog. A lever //, Fig. 70, 
is suspended at its center by a bar b which oscillates up and down 
through a small amplitude. One end of the lever carries a weight 
L, and the other end is held down by a helical spring C. If the up 
and down oscillations of the bar^ take place at the proper frequency, 
the lever will be set into a violent see-saw motion, and the veloc- 
ities /[ and /j of the ends of the lever will greatly exceed the 

*AUhouEli the inductance and the condenser in Fig. 6S are in parallel viA 
other with reference to the altcrDBtor, thej' are in series with each other in Ihc 
it LaCb, and mullifilicalisit of current by resenanct is due lo the surging o/cu 
ind fro around this short circnil so that the physical action of the inductw 
^r diiriog resonance is exactly the same in Fig. 6S as it is in Fig. 57. 
"•en by equation fi). Art. 34. 
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velocity /of the center of the lever.although (half) the sum of 
the velocities of the ends of the lever is at each instant equal to 




L the velocity of the center of the lever, j ust as the sum of the cur- 
I'tents in Z. and C Fig. 68 is at each instant equal to the cur- 
f.Kat delivered by the alternator. 

37. The influence of inductive reaction and of capacity reactioii 
1 the shape of the current curve (non-harmonic electromotive 





[ force). As has been stated in Art. 7, the alternating current 
I whicJi is produced by any alternating electromotive force in a 
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cuit which has resistance only, has the same wave shap( 
electromotive force, inasmuch as the current is at each Instant 

equal to ejR, that is, the current curve may be considered as 
representing the electromotive force curve. Thus the oscillo- 
graph curve A in Fig. 71 is the electromotive force curve 
an alternator whose armature winding is placed in slots, t 
efTect of the slots being to introduce slight fluctuations in I 
the electromotive force wave, as shown by the curve A. 

The fffecls of inductance. A circuit having inductance is a 1 
cuit having electrical inertia, and very rapid variations of elect 
motive force produce but little variation in the current on accoi 
of the inertia. This is shown by the oscillograph curve C 
Fig. 71, which is the curve of the current which is produced 
an inductance coil (without an iron core) by the electromot 
force A. Any non-harmonic alternating electromotive force pi 
duces an approximately harmonic current in a highly induct! 
circuit (with no iron core). 

The effects of a condenser. Any quick change of electromoti 
force produces a sudden ru.sh of current into or out of a c( 
denser, and therefore rapid variations of electromotive force p 
duce large variations of current in a circuit which contain 
condenser. This is shown by the oscillograph curve 5 in B 
71, which is the curve of current produced by the electromol 
force AA in a circuit containing a condenser. 

The effect of inductance in giving a smooth current ci 
and the effect of capacity in giving a current in which theirrei 
larities of the electromotive force are greatly exaggerated - 
very strikingly shown by Figs. 72 and 73. Fig. 72 shorn 
peaked electromotive force curve produced by an alternator h 
ing a few very large armature slots, the curve AA, Fig. 73, 
the same as the curve of Fig. 72, the curve CC is the fail 
smooth curve of current produced in an iron-less inductance 
tlie electromotive force AA, and the extremely irregular cu 
BB is the curve of current produced in a condenser by 
electromotive force AA. 
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Effects of inductance and capacity {each without the other) at 
the instant of connecting an alternating electromotive force to a 
circml. The current in a non-inductive circuit starts out at once 




J'Af, "A 



1^ ^ 



as the steady maintained current, at whatever instant during 
cycle the electromotive force may begin to act on the circuit 
The current in an inductive circuit starts out in a manner which 
is explained in Art. 33, and the current in a circuit containing 
7 



;thc I 

cuit J 

hich H 
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condenser starts out with the value ejR at the very instant at-J 
which the electromotive force begins to act. These effects : 
shown in Fig. 74 ; AA is the electromotive force curve (curr 
curve in a non-inductive circuit), CC is the current produced by 
AA in an iron-less inductance, and BB is the current produced 
by AA in a condenser. The inequaHties of the first two or 




three positive and negative half-waves in curve CC illustrate the * 
effects described in Art. 33 (Fig. 65), and the extremely sharp 
peak in curve BB at the instant of connecting illustrates the 
effect of a condenser. The curve AA is upside down, that is, l 
the oscillograph which traced curve AA should have had j 
connections reversed. 

38. Cnrtent lod. In some practical problems, for example in the anaiysis of d 
action of Ihe transformer ani] of the induclion motor, it is necessary to consider the r 
ner in which llie current vnries in value and in phase : {„) When the 
the circuit is constsnl and the reactance is changed slowly from zero to an indefinild 
Inrge value, and (i) When the reactance of the circuit is constant and the re 
changed slowly from zero to an indednilcly large value ; the electromotive force hlW^ 
ing ft constant (eiTeclive) value and a constant frequency in each cast 

•The pholographa from which Figs. 71, 72, 73 and 74 are reproduced » 
kindly famished to the authors by the General Electric Company. 
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Cnrreni h^tis laiih eomtant rtsislance end variable reaflantc. A given 
eleclroiQiitive force OE, Fig. 75, acis OQ ■ cireuil whose resistance R is consUnt 
and whose reHClonce X vHriei. Let the line 01, Fig. 75, represent a possible value 
of Ihe eunenl. Then Jfl is the component of E parallel to /, and XI is the 
component of E 90° ahead of /. Tlierefore the triangle OPE is a right triangle 
with B constant hypothenusc OE, so that the point /" must lie on the circle of 
which OE is the diameter. That is, the end of the line RI describes a circle as 
X Taries, therefore, since R is conslnnt, the end of the line 01 must also describe 
a circle. The circle described by the end of the line Of is called the current locus 
under the given conditions, namely, E and R constant, and X variable. The 
diameler Oa of the circular current locus is equal to EjR and it represents the value 
of J which corresponds to X^^O, 

I It is eapedalt]' noteworthy that the current at Rrst decreases imperceptibly in value 
pi, starling from X= O, the value of X is increased. That is to say, the effect 
1 




Fie. 75 



Fig. 76. 



a circuit of given resistance is 
>t to produce any appreciable 






value of the 



of a small value of X introduced into 
perceplihiy behind E in phase, but oi 
value of I. 

(*) Current locus with constant reactance and variable 
electromotive force, OE Fig. 76, acta on a circuit whose react 
and whose resistance R varies. Let the line 01 represent a 
cnrreni. Then RI is the component of E parallel to /, and XI is the com- 
ponent of £ 90° ahead of /. Therefore the triangle OFE is a right triangle with 
aconstani hypothenuse OE, so that the point /* must lie on the circle of which OE 
is the diameter. Now, the two angles ^ are equal, and XI is proportional to / 
since X is constant. Therefore the point / lies on a circle (the required current 
locus), of which the diameter Oa is ot right angles to OE, and equal to the current 
£/.V, which corresponds to /"^o. 
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39. Voltage drop In transmission lines. A transmission line is 
of course in series with the circuit to which it delivers current, 
and the complete solution of the problem of the loss of voltage 
in a transmission line depends upon the complete solution of the 
problem of coils in series. This general problem is discussed iaa 
detail in Chapter V. I 

(a) Vohage drop in a transmission line wfdck delivers current 
to a non-inductive receiving circuit. Let 01, Fig. yy, represent 



the current flowing through the transmission Hne and thi 
ing circuit. The voltage £, at the terminals of the receiving 
circuit is in phase with /, and the generator voltage E^ is the 
vector sum of E^, rl, and x/; where ;-/ is the electromotive 
force used to overcome tlie line resistance, and xf is the electro- 
motive force used to overcome the line reactance. An examina- 
tion of the figure shows that when 
the receiving circuit is non-induct- 
ive the line resistance produces 
difference in value between E^ 
£■,. whereas the line reactance pi 
duces a difference in phase betwt 
£j, and E^* 

(b) Voltage drop in a trartsmisi 
line wJiich delivers current to a hi 

- inductive receiving circuit of small\ 

^ sistance. Let 01, Fig. 78, repre; 

the current flowing through the ti 

mission line and the receiving circuit. The voltage E^ at the 

minals of the receiving circuit is nearly 90° ahead of / in pi 

, and the generator voltage E^ is the vector sum of £"„ 
is made oa the assumptioa th&t xT is small as compared with E-^ 



\ 




t 
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rl, and x/ as before. In the present case, however, the line re- 
sistance produces a difference in phase between E^ and E^, and the 
line reactance produces a difference in value between E^ and E^.* 
(c) Voltage drop in a transmission line which delivers current 
to a condenser or any receiving circuit Itaving negative reactance, 
hit having small resistance. This case is shown in Fig. 79, and 
E^ is the vector sum of -£",, rl, and 
xl as before ; but, E^ and xl are 
nearly opposite indirection, inasmuch 
as E^ is nearly 90° behind / under 
the assumed conditions. Therefore 
in this case the line resistance pro- 
duces a difference in phase between 
E^ and £, and the line reactance pro- 
lUces a difference in value between 
and i'l.making f^ greater than E^.* 
{a) Voltage drop iti a transmission 
'^Sne which delivers current to a receiv- 
circidtwkose power factor, (cos &), 
has any given value. Let the line 01, Fig, 80, represent the cur- 
rent flowing through the transmission line and the receiving cir- 
cuit. Let the h'ne E^ represent the voltage across the receiving 
circuit, 6 being the phase difference between / and E^ as shown. 




Let r be the resistance and x the reactance of the transmission 
line, and let £"„ be the voltage at the generator. Lay off rl par- 
allel to 01, and xl at right angles to Of. Then the difference 
*This sUtemeut is made on the assumpUoa that rl is small as compared with E^- 
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between the values of £; and £„ is the required transmission lin 
drop. 

The value of yV/' + x^P is called the impedance drop, and' 
the difference between the numerical values of E^ and E^ is 
called simply the (voltage) drop in the line. 

40. Circuits in parallel. The general problem of circuits in 
parallel is discussed in Chapter V. Two simple cases of this 
problem arc, however, of sufficient interest to be treated in this 
chapter on fundamental problems, namely, (a) the problem of 
finding the power factor of two receiving circuits in parallel, the 
power factor of each and the current delivered to each being 
given, and [b) the problem of compensating for lagging currents. 
(a) Power factor of receiving circuits in parallel. Let the line 
OE, Fig. 8i, represent the voltage across the two receiving 
circuits. Let f be th* 
current delivered to re- 
ceiving circuit number \ 
and cos Q^ its power factor, 
and let /^ be the current 
delivered to receiving 
circuit number 3 and cos 
6^ its power factor. Lay 
off the clock diagram in 
Fig. 8 1 carefully to scale, 
and draw the diagonal / as shown. The angle 6 between E 
and / is then the angle whose cosine is the required power 
factor of the two receiving circuits in parallel. 

if) Compettsation for lagging currents. — When a transmission' 
line dehvers current to an inductive receiving circuit, power tr 
delivered over the line to the receiving circuit during the tii 
that the product ei is positive, and power is delivered back oi 
the line from the receiving circuit to the generator during the 
that the product ei is negative (compare Art. 9). This back' 
flow of energy from receiving circuit to generator represents 
"ssentially unnecessary service of the transmission line, and it 
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desirable, and in some cases feasible, to reduce this backward 
flow of energy by connecting a condenser or something which is 
equivalent to a condenser (such as an over-excited synchronous 
motor) in parallel with the receiving circuit. 

Let OE, Fig. 82, represent the voltage at the terminals of the 



receiving circuit, and let 01 represent the current delivered to the 
liieceiving circuit. Let R be the resistance of the receiving circuit 
^and JC its reactance. Then 

tanfl = J 



VI^ + X* 

The component Ob of the current / is equal to I sin 6 or 
IXji/W^X^ But / is equal to Ejv'W^X'^, so that the 
component Ob is equal to EXjl^R"^ -f X*). If a condenser of 
capacity C is connected across the transmission line at the 
receiver end, then the current flowing into the condenser will be 
90° ahead of E, or parallel to Oc, Fig. 83, and its value will be 
equal to E divided by the condenser reactance ifatC, or to 
E/aC; and if this current is numerically equal to Ob, the sum 
of / and Oc will be in phase with E. That is, the receiving 
drcuit and the condenser together will take current in phase with 
E, and the instantaneous value of power delivered over the trans- 
mission line will never be negative. The capacity of the con- 
denser required to produce this result is given by the relation 
above mentioned, namely, Ea)C= EXj[R!^ -\- X^), which gives 



^V + X') 
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THE USE OF COMPLEX QUANTITY 

41. Uatlioa* in sltematlng carrenta. Tbe carrent-Taliage reladons in any dgI- 
work of circuill, or in any generatoi, motor, or tranaformer, mnj be tomplelel; 
reprtKnted by Ihe geomelrtc relations of the lines m a clock diagram, on the assump- 
tlitn that all voltagea and currents are harmonic. Tlierefore any problem in alternating 
currenll may be siilved in either of two ways, namely, (u) Graphically, by drawing 
Ih* clock diagram carefully, so as to represent the given data to scale, and measuring 
off the desired result, or (*) Trigonometrical ly, by establishing the trigonometric 
eiualloni which express the conditions represented in the clock diagram, and solving 
IheM equations bo as to express the desired results in terms of Ihe given data. 

The dlflTir.ulty wilh the trigonometric method is that the equations are oflen veij'l 
complicated uud the necessary transformations are oflen very (edious. This diflicnUy M 




U greatly reduced by the use ol 

equations for the solution of a problem can be 

eBpecially if a rough sketch of the clock diagram 

metric transformations otl- greatly simpliScd. It 

the use of complex quantity in alteroating- 

distinct method ; it is merely a systematic scheme for currying out method (#) a 

42. The use of complex qnautlty in alternating-current problems involves ^ 
distinct ideas, namely, (a) The specilicotiou of a vector in the clock diagram by giiS 
ing its components in the duections of chosen axes of reference, and {i) The idea Ol 
impedance as an algebraic operBl:or. 

(o) SptdJicBlion of CHrrenI and diclromothie force veeton by giving Ihtir a 
pontnu. Consider Ihe dock diagram Fig. 83, in which a 
indicated. This axis of reference is supposed to rotate wilb E and / £0 tl 
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(iHliODaiy with respect to the reference aiis. Lei 1, and („ be the 

af /, and let c, aod ^i[ be Ihe coraponenis of E, then we may write : 






(») 



in which the leUer / is merely a mark used ■□ distinguish the ji-componeDt, and Ihe 
plos sigii meaiis DO more than to sa J, for example, that / consists of an ^--component 
», and ajMXMnponent I'l,. 

The utility of equations (/) and ( 11) can be at once exemplified by considering the 
composition and resolution (addition and sublraclion) of currents or of electromotive 
forces. The algebraic meaning of the iodei letter j will be completely delennined 
when we con^der the idea of impedance as an a Igebraic operator. 

Exampli I. Addition. Giveu three harmonic alternating electromotive forces, 
of the same frequency, which are to be added together. If these three electromotive 
farces be represented by three lines A, B, C, in a clock diagram, then their sum 
will be represented by the line which is the vector sum or resultant of A, B and C ; 
Ihe jc-compoueni of this resultant will be equal to the sum of the jtr-components of 
A, B and C; and its y-component will be equal to the sum of the ^-components of 
A, B and C. That is to say, electromotive forces (or currents) are added by adding 
their jT-components to give the j-component of the sum, and by adding their j'-tom- 
ponents to give the ^-component of the sum. Thus {^i ■'irj'a) + i.f\ -Vlfiy) = 

'i+/i+y('.,+/„). 

Example z. Subtraction. Given two harmonic electromoIivE forces, of the same 
frequency, one of which is to be sub- 
tracted from the other. If these elec- 
tromotive forces be represented by lines 
A und ^ in a clock diagram, then their 
dilTerence will be represented by the 
line which is the vector difference of A 
and B, the .r-compaaent of this line 
will be the difTerenee of the .c -compo- 
nents of .4 and B, and its ^-component 
will be Ihe diBerence 0/ the ^-compo- 
nents of A and B. That is to say, 

electromotive forces (or currents) are subtracted by subtracting their j:-compo- 
nents to give the .^-component of their difference, and by subtracting their j-'Compo- 
nents to give the _c-component of their diEference. Thus ('i-tV'ii) — kf\~\'if\\) 

-',-/;+/(<..-/,.)■ 

(i) The idea of impedance B! an algebraic epiraliir. Let the current vector /, 
Fig. 84, he chosen as the reference axis, then the ^-component (parallel to /)of £ is 
equal to Rl, and the /-component (90" ahead of /) of E is XI, Therefore, 
marking theji-component with the index letter /, we have 




Fie- 84. 



= RIArjXl 



''^ ^ 

J 
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If / is not the reference axis we Iutc, from equation (>) : 

which, substituted in eijuation (15) gives 

£-{^+yX)(r,+A,) (m) 

:o build np a eonsisleot system of algebra on equations (i), (ii), and (15), 



it is 



which will not only e:. 
ark for the j'-component in such expressions as (i), (ii), 
lake equation (iii) give the correct expressions for the corn- 



serve Rs a distioguishii 
and (15), but which v 
poncnts of E. That 

which comes from equation (iti) by substitoting ^, -\-jc-yi for E and carrying out tl 
multiplication indicated iothe tight hand member of (iii). It can be shown, howeve 
by ordinary trigonometry (hat the components of a line whose length is / 1' /'' -+- .! 
and which is 6 degrees ahead of /, where 8 is the angle whose tajigent is XjH, a. 



n the above expression (iv) n; 



/"■=-■ (") 

in of the derivation of equation (vi) from (iv) and 
ilways equivalent to two simple equations ; Ihose parts 
)t involve the unit j are equal to each other, and 
factor are equal to each other, 
n Ji +jX stands as a multiplier and it is called a 



It should be stated in esplan; 
(v) that a complex equation is 
of the two members which do 
those parts which contain / as 

Inequation (15) the expres 



direir/ ofiralor. I 


however, we solve equation (15) for / we 


have: 

(vii) 


In this equation the 
member of equation 


expression R ^-/Jr stands as a divisor and in 
. If we multiply numerator and deuominato 
(vii) by X-jX, remembering that /» = 


this case it is cJW 
r of the right hand 
— I wc have : 




^={w^rx^-jj^^y 


(vEi) 


According to thi 
allel to E, and - 
E. or EXXKR 
&ct these are the cc 


equation AX 'P/('^ + ^') should be the component of / pM- 1 
£X'^/('^'+^) should be the component of / 90° ahead nt 1 
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AdmUlatue, conductance, end suiceflaHce. By comparing equations (vii) and 
(liii) it is evident that impedance R^-jX u&ed as an inverse operator is equivalent 
:ipressioQ Rjl^J/^ -{- X')~jXj(I{' + X') used as a direct operator. This 
operator is cslled the oo'miV/ancc of the circuit; the factor J{l(R'-\- X') which, mul- 
tiplied by E, gives the component of / parallel to E, h taWd (he conduelnnct ol 
tlK circuit; and the factor Xji,R^+X*) which, multiplied by E gives the com- 
ponentof / 90° behind E in phase, is called the iiiirr/^ancf of the circuit. There- 
ling g for conductance and i for susceplance wc have 



~ R' + X^ 






I={g-j6)E 



(xi) 



t is usual to represent the impedance of a circuit as a complex quantity by the 
r Z and to represent the numerical value of impedance by the leller s ; and it 
is also usual to represent the admittance of a circuit as a complex quantity by the 
letter Y, and to represent the numerical value of admittance by the letter y. Thus 



Z^R+fX 
z-VR' + Xi 

Further practical Information concerning the ua 
ing-current problems is given in Arts. 44-47 

43. DeMoivre's Thootem. The u5e of o: 
transformations and the correctness of the form 
may be most elegantly shown by means of the 



(If) 
(■«) 
(-Hi) 
<"■) 

: of complex quantity in alterno.- 



(i) 



which was first pointed out by DeMoivre, c being the Napierian base. This 
relation may be established by writing j^ for x m the infinite series for e* 
and separating the terms nhich do not contain j as a factor (^series for 
cos fl) from the terms which do contain _/ as a factor ( = series for sin B). 

(a) Regarding trigonom/tric transfarmaiions. ExamfUs. Squaring both 
members of equation (i) we have : 

but, according to equation (i) we must have : 

F'-'' = cos2H-(-/sin2fl (iii) 

Uleiefbre, comparing equations (ii) and (iii), we have ! 
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As a stcond eianiple divide r^'^cosS+yam by f^* ^cos ^ +/sb V. 
member by member, and ve bave : 

»,-^)^CQ BO+ysme 

cos*+/sinV ' ' 

or, multiplying namerator aod denomiDator of llie right band memljei of equa- 
lioD (iv) by coa id— y sin tji, we liave : 



■„♦) 



(■) 



but, according to eqaatlon ( i) we liave ; 

(■'<*-*> = cos (6 — V') +y5in (8 — i/i) 
fa that, comparing equations (v) and (vi), we have 

cos(0-tf.)=coaeeosi(. + siiiflanV | 

and sin(e — V) = EiDflcoEi;' — cosflsini/r 

As a third example the reader may find the expressions for siqc and cosine of 
39 by cubing tioth merabers of equation (i), or he may find the expressions for 
sine and cosine of (ti -j- i/i -|- ) by muttiplyiog tt^elher the expressions for t' , 
jj* and e^*, 

(i) Regarding the formulas of Art. 4a, — Let s be tbennmerical value of the 
impedance of an alternating current circuit, that is, let i = V iP-\- X', and let 
d be the angle whose tangent is Xj R, then 

(vll) 
1 be the angle 



J£^<' = ^+/^ 



The expression for the electromotive force is then found \>y multiplying (vii) 
by (viii), member by member, and we have : 

i.^./^c+'J^ (j?+yj:)(;,+>,'„) (i,) 

That is, the numerical value of E is zl, and £ is 9° ahead of the current 
in phase. On the other hand, if we divide equation (ix) by eqnatioD (vii) 
member by member, we get the correct expression for the current. 

(f) Regarding Ihcproduits of cumnt by current, and current by voUage.-' 
If the impedance of a circuit {zt^'' ^R-\-}X) be loolied upon as a 
must be considered a^ a stationary vector mailing the angle 9 with a fixed • 
of reference ; whereas the angle between the eleelromotive force vector a 
fixed axis is u/, and the angle between the current vector and a Rxed a 
{lit— 9). Therefore, we may write, with reference to a fixed axis 1 






and tbese exptcssoos satUly the fundameaul relatione : — cmrent is equal to 
e1eclromotii% force divided b; impeduice, and cIcdnnnotiTc hxtt h equal lo 
currenl: multiplied by impedance. Oa Ihe other hand, ibe product of cunenl 
by Yoltage giies S3'^^*' ' which is a vector which rotates at the angulai 
velocity 2u. ETidcallf the impedimce vector which is stalionaiy cajuml be 
properly shown in the clock diagram, inasmuch as the clock diagram is snp- 
j»sed lo TOtateat angular velocity u, andlhcveclor 5cfc^ cannot be prop- 

erty shown in the clock diagram because it folates at angular Telocity lu. 
The use of complex qnanlity does not lead lo any graphical represenlatioo of 
power because Ihc vector SS^^'''"' cannot be inlerpreled as a rtptesenla- 

tion of power. Products of current by current and of current by voltage are 
foreign to the clock diagram, and these products as physical facts do not enter 
into the complex quantity method of representation. 
44- Coils In seriei. Two coils are connected in series between altematlDg cur- 
ent mains as shown in Fig. 85. The total electromotive force £, the resisliDces 








Fig. 85. Fie. 86. 

r, and r, and the reactances x, and j', nf the respective coils are given, an 
required to find f, and £,. Let / be the current flowing through the Iwi 
The general relation between E, £„ £,, and / is shown in the clock d 
Fig. 86. This clock diagram is given in order that the following equations (i 
and (iii) may be easily understood. According to equation (15) Art, 42 we 

e, the electromotive force E is the vector sum of £, and E, as 
o that, remembering that E, £, and £, are complex quantities, we 
£, + £, = £ 



iiFlg.86 
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Sabslituting the valaes of E^ and f, from (i) and (ii) id (iii) and solving for 



'1 +•■■+; ('■+'.) 

Substiluting Ihis value in (i) aod (it) ne hare : 






These equations (v) and (vij express the electromotive forces £i and E, ia 
terms of the known quantities £, r,, r,, j, and xj. 

In order to make actual niimeiical calculations, of £, for eiamplc:, the second 
member of (v) must be separated into its components, that is, into real and imaginaij 
parts, and then the numerical value of £^ is found by taking the square toot of the 
sum of the squares of these components, and the tangent of the angle between £ and 
Ej (the angle by which £, leads £ in phase) is equal to the /-component of f , 
divided by the real component of £,. 

Thus, multiplying numerator and denominator of (v) by [r[ + ''t — ji.^i + ■*!)]> 
/ is removed from the denominator, and we have : 



n('-, + ',)4 



'.''. + '■' 4 



>,( ^. + M-^.(-, + «.) 



(•«) 



The first terra of this eipression is the component of £, parallel to E and the 
second lerm^ dropping y, is the component of £^ perpend icnlar to £. Takiikg the 
square root of the sum of the squares of these components we have : 



Numerieal value e/E^ = 



5Xi 



Taking the ratio of the two components we have : 



TangeMo/ angle from E/orz 



xrds Ic 



'■i('-i + '-,)+^.(^, + ',) 



(ix) 



A negntive value of this tangent indicates that £, is behind E in phase. 

45. General outline of complex qnaatity method. The above discussion 
illustrates the general use of complex quantity in alternating-current problems, and 
the procedure is always essenliiilly the same, namely : £irst, the formulation of the 
problem by equations expressing the relation between current and voltage in elementary 
circuits, and by equations expressing the known sum of certRin voltages when 
elementary circuits are in series, or the known sum of certain currents when elementary 
circuits are in parallel ; Second, the transformation of these complex equations so as to 
express the unknown quantiliea in terms of their components as in equation (vii) 
Art. 44 ; Third, the derivation of equations (not involving complex quantity) express- 
ing numcrital values and phase angles in terms of the given data ; and, Faiirth, \ 
actual calculation of nuincricnl results. 
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A fifth aep is necessat7 when it is desired to calculate power, which is equaJ to 
the nnmerical value {effective) of voltage limes the numericJ lalue (cfTeclive) of 
'Dt times the cosioe of phase difference. When mncDt uid volIBge are (bund in 
terms of their components, for ezample, when : 

'-h+J',, 

&en the power may be easily calcolaled by the fomiula ; 

This equation does not of course involve / in any waj.bul in using this equation 
especial care must be taken to give to each component its proper algebraic sign. 

46. Coils in parallel. A given alternating current / divides betvreen two coils 
oonnecled in parallel as shown in Fig. S7. Il is required to find /, and /^ each 
rms of /, r,, r„ x, and j,. The general relation between /, /„ /„ and the 
voltage £ between the branch points is ahown in the clock diagram Fig. S8, The 




equations are somewhat simplihed if we introdi 
tance i of each drcuit according lo the 
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Is Ihe vector sum of /, and /,, wc hs»e : 






The problem is solved from these Ihrec equalioos in eiactlj Ihe same way Ihal the 
problem of coils Jo series is solved from equations (i), (ii) and (iii) of AiL 44. 

47- Tho tronsfanner. The use of complei quantity may be further illustrated 
by o discussion of the problem of the transformer. The discussion here given of this 
problem is onnecessarily complicated Bod it is therefote useless for piactical purposes, 
and it is all the more useless In that it takes du account of Ihe effects of magnetic satura- 
tion. One must not, however, conclude that the use of complex quantity is uselessin 
the development of the practical theory of the transformer. 

The difference between the practical theory of the transformer and the general 
theory here outlined is that the practical theory is based on the assiunption that the 
magnetic tlui which passes through one coil and does not pass through the other, that 
is the leakage flui, is small in comparison with the flai which passes through both 
coils. This assumption greatly simplilici the practical theory of the transformer, it 
avoids any explicit use of the Idea of the mutual Inductance coefficient of the two coils, 
and it gives rise to an idea of self-inductatice depending upon leakage flui only. 

Two separate coils of wire .^ and Ji, Fig, &% are wound on an i 




rely placed near together. The coil A, called the primary ft 

; current from supply mains, its resistance is r, and its inductance is 

1 B, called the secondary toil, is connected to a receiving circuit. The total n 

:ance of the coil B and its receiving circuit is r, and the total inductance is Zj. ' 

is required to lind the electromotive force, E^, which must act on coil A tomain- 

1 in It a given harmonic current /,. The coefficient of mutual inductance * of the 

) coils is M. 
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Dtterminalion of Ike secondary current I^ — TTie giv<m primoiy current indoces 
\a the secondaij coil an eledromodrc fbice which is at eu:h instant rqiul to 
— M- di^jdt. 

This electromotive force is 90° behind /,, its effectise valae is uJ//, , aad its 
symbolic eiprcssioQ is — JuMI^ and thU eledramotive force produces in the second- 






^.= 






(i) 



Reaction of the secondary curre; 



t /, induces id the 






equal to —M-di^\dl. This electromotive force is 90" behind /, in phase, its 
efTective value is uMI„ and its complex expression is —juM/y The elcclromotive 
fOTce induced in the primary by the secondary current must be overcome by the elec- 
tromotive force which acts upon (he primary. The portion of the acting electro- 
motive force which thus balances the reaction of the secondary current is equal to this 
reaction and opposite lo it in sign and is, therefore, equal to -|- jujV/,. 

Deferminalion of total eleciromotvuf force acting on primary, — This total electro- 
motive force consists of three parts as follows : 

I. The part described above which balances the reaction of the secondarj' correnL 
This part is equal lo -\- juMIp or using the value of /, from equation (1), we have 
for this part of the total electromotive force : 



2. The part used tc 



+ r,+>i, 

ivercome the resistance of the primary coil. This is at each 
istant equal to r,;[, its effeclive value is r^I^, and its complex eipressjon is r,/[ 
mce it is in phase with /,. 

3. The part used to overcome the inductance of the primary coil. This is at each 
istanl equal to L,'di,ldt, it is go-ahead of /j, its elTective value is uZ,/,, and 
s complei expression is juL,/,, Therefore the total electromotive force required to 
laialain the given primary current is : 

u'/Sfl, 



rJ,-i-JuLJ,+ 



r, separating components ; 






(ii) 



andary coil is to make the primary coil 



and these expressions are called the equivalent resistance and the equivakn. 
respectively, of the system represented in Fig. 89, Compare Art. 28. 



CHAPTER VI 



THE l^OLYPHASE SYSTEM 

48. The single-phase system and the polyphase system. 

brief reference was made in Chapter I to the distinction betwej 
the single-phase alternator and the polyphase alternator, : 
although the importance of the polyphase system cannot be fuB 
appreciated until the induction motor and the rotary converfl 
are discussed, still it is necessary to outline here some of ti 
general features of the polyphase system inasmuch as this systo 
enters into every division of our subject, alternators, transmiss 
lines, transformers, synchronous motors, rotary converters, s 
induction motors. 

The single-phase system consists essentially of a simple altcT-^ 
nator delivering an alternating current to a single circuit. 

The polyphase system consists essentially of two or more I 
electrically distinct (but not mechanically distinct) alternators I 
delivering distinct alternating currents over distinct transmission J 
lines to electrically distinct receiving circuits. 

49. The two-phase alternator. A two-phase alternator is i 
alternator upon whose armature two distinct windings are placi 
each with its own pair of collector rings, the two windings b 
arranged so that the electromotive force generated in one w 
ing is in quadrature with the electromotive force generated in a 
other winding. A clear idea of the essential features of the h 
phase alternator may be obtained from Fig, go which repress 
two distinct armatures A and B mounted on one shaft a| 
revolving inside of the same crown of field magnet poles, 
armature B is shown smaller than the armature A for the 5 
of clearness. The two armatures are arranged so that the grojffl 
of winding slots in one armature are midway between the Be 
magnet poles when the groups of winding slots in the c 
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mature are midway under the field magnet poles. This brings 
the electromotive forces of the two armature windings into quad- 
rature \vith each other. In practice a two-phase alternator is made 
by placing all the slots shown in Fig. 90 on one armature body, 
the two windings being however kept as distinct as if they were 
on separate armature bodies. Thus the armature winding shown 
in Fig- I ( is a two-phase winding ; the coils which are square on 
the ends to the right constitute ore armature winding which de- 
livers current to one receiving drcuit or set of receiving circuits, 
thad the coils which bend backwards and pass behind the square 

ends constitute the other armature winding which delivers cur- 
rent to another receiving circuit or set of receiving circuits. 
Ii A two-phase alternator is usually provided with four collector 
Lings, two for each armature winding ; one ring may, however, 
Ibe made to serve as a common terminal for the two windings A 
■and S as shown in Fig. 91. In this case three transmission 
wires are used and the two receiving circuits x and f are con- 

Inected as shown in the figure. The objections to the arrange- 
ment shown in Fig. 91 are: (a) that the voltage drop in the 
Btiddle main may cause the voltages across x and jr to become 




aai;i?agi! 



i 



ELEMENTS OF ELECTRICAL ENGINEERING. 



unequal in value and more or less than 90° apart in phase, and 
{b) that a tivo-phasc (4-ring) rotary converter cannot be connected^ 
to three-wire mains. 

60. Two-phase electromotive forces and currents. Tlie two 




lines A and B in the clock diagram, Fig. 92, represent the elec- 
tromotive forces of the A and B windings respectively of a two- 
phase alternator. If the circuit which receives current from the 
A winding has the same resistance and 
reactance as the circuit which receives 
current from the B winding, the system 
is said to be balanced. In this case the 
currents delivered by A and B are equal 
to each other in value, and they lag in 
phase equally behind A and B respec- 
tively, as shown by the two lines a and b. 




It is worthy of note that it is not possible to say 
whether A is 90° behind B, or B is 90° behind A, 
even when the physical facts concerning s two-phase 
ollemator are completely eslablished. Complete 
n depends upon an arbitrary choice of the direction in 
e and current of each phase is to be considered as posi- 
lingram like Fig, 9Z cacnot completely represent the 
two-phase iiltemalor until positive 
Let the arrows io Fig. 91 represent the arbitrarily chosen positi-ue diruHons io the 
windings, in the middle main, and in the receiving circuits, and suppose that, oa (be 



Re^ 92. 






which the elec 



.1 facts o 
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basis of this ciioioe of signs, the clock diagram Fig. 92 represenls tlie fads. Tlien Ihe 
vector sum <4 + j5 represents the electromotive force from main one across to main 
Iwo, and the vector difference, a — i, of the currents in jr aady represenls the current 
in the middle main. If, however, the positive directions in winding B and receiving 
drcait y be chosen opposite to the directions shown in Fig. 91, then, 1/ the physical 
facts nniain unckangid, the lines B and b in the clock diagram must be reversed, 
the electromotive force from main one to main two will be represented by the vector 
difference A — B, and the current in the middle main will be represented bj Ihe 
vector sum a-^i. If in the first case A is 90° ahead of B, then in Ihe second case 
A must he considered as 90° behind B because of the change in the choice of signs.* 

fil. The three-phase alternator. A three-phase alternator is an 
alternator upon whose armature three distinct windings /i, C and 
B are placed, each having, in the most general case, a separate 
pair of collector rings, and the windings are arranged so that the 
electromotive forces A, C and B are 60° apart in phase.f 

77ie four-ring arrangement of the three-pkase alternator. A 
number of batteries can supply currents to a number of distinct 
bell circuits, and all of the bell circuits can have a common re- 




\ 



turn wire as shown in Fig. 93. In the same way the three 
armature windings, A, B and C, of a three-phase alternator can 
deliver currents to three receiving circuits x,y and s, a common 
return wire being used as indicated in Fig. 94. In this case one 

Cb)On 



See A Discnssio 
lecessity of choo 
actions of Ihe Ameri 
t It will be found 
and C lo be 1 30° apart 
of signs. See Art. 53. 



Inls In Altemating-curreot Theory [Seclioi 
complicated networks], by W. S. Frankli 
of Elictrhal Engineirs, Vol. zi, page 56 
Iter to consider the three eleclromotive fori 
phase, the change being merely a matter of tli 



•.iA, B 
choice 



A 
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of the collector rings, No. 4 in Fig. 94. forms a 1 
minal for all tliree armature windings. 

The essential features of the windings of a three-phase arma- 
ture are shown in Fig, 95. The figure shows each winding dis- 
tributed in two slots per field pole (the A winding only is shown 
complete, windings B and C are exactly like A), and it repre- 
sents the simple case in which each slot contains but one con- 
ductor. The straight radial lines represent the conductors lying 
in the slots, the curved lines outside the circular row of radial 
lines represent the end-connections at one end of the armature, 




and the curved lines inside of the circular row of radial lines 
represent the end -connections at the other end of the armature, 
One terminal of each winding is connected to ring 4 (or to a neu- 
tral connection N, Fig. 94, if ring 4 is dispensed with), and 
the other terminals of windings of A, B and C are connected 
to rings I, 2 and 3 respectively. 

62, The three-ring tliree-vire arroDgetnent of the three-phase 
alternator, (a) The Y-couneclioti. Let the three lines a, b and 
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c. Fig. g6, represent the three equal currents, 60" apart in phase. 
which are delivered to three shnilar receiving circuits x, y and s 




I connected as shown in Fig, 94. It is evident that the current c 
is equal to the vector sum of a and b, or, in other words, the 




current c is at each instant equal to the sum of the two currents 

and b. Therefore, if the connections of the winding C, Fig. 



'ig- J 



104 
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94, arc arranged so that the current c flows towards the generator | 
in main No. 3 wlien a and b flow away from the generator in 
mains No. i and No. 2, then the current in main No. 4 wH! be 
zero, since a->r b = c at each instant. Therefore, when the re- 
ceiving circuits x, y and s are similar, main No, 4 may be dis- 
pensed with if the windings are properly connected. The proper 
connections are shown in Fig. 95. This arrangement of the 
. windings of a three-phase armature is called the Y-connection. 
(b) The ^-connection. Suppose the three armature windings 
of a three-phase alternator to be connected so as to form a closed 
circuit, and let tlie three lines A, C and B in the clock diagram, 
Fig. 97, represent the electromotive forces of the respective wind- 
ings. The electromotive 
force C is equal to A-^- B, 
and therefore, if the windings 
are properly connected, the 
electromotive force around 
the closed circuit of the three 
windings will be zero. Each 
Junction of two windings 
may then be connected to a * 
collector ring so that the I 
three windings can deliver current to three-wire mains. This J 
arrangement of the windings of a three-phase armature is called I 
the ^-connection. 

03. Conventional diagrams. Choice of signs to give symmetii- 
cal clock diagrams, {a) Y-comiection. The three armature wind- 
ing,? of a three-phase armature branch out from a common Junc- 
tion, the so-called neutral point A', Fig. 94, when the windings 1 
are Y-connected, The essential features of this scheme of con- 
nections are best shown by a symmetrical diagram like Fig, 98. \ 
It is desirable to consider the current {and voltage) in each winding J 
as positive when it flows away frotn the neutral point and the arrows J 
i» Fig. p5 show these positive directions* On the basis of thi 

bo imagined that the arrows in Figs. gS and 100 represent the ai 
directions of the currents at any gtveii instant. 
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choice of signs, the clock diagram which shows the currents a, 
b and c and the electromotive forces A, B and C in the re- 
spective windings, becomes symmetrical as shown in Fig, 99. 




^^aafflifitiaifiaXJ? -^""' 



{F) ^-Connection. The three armature windings of a three 
phase alternator, when A-connected, form a complete circuit or 




., and the essential features of this scheme of connections 
; best shown by a symmetrical diagram like Fig. 100, It is 



io6 
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desirable to consider the current {and voltage) in each ii 
positive when it flows in a given direction around the mesh, and tJie 
arrows in Fig. loo show these positive directions. On the basis 
of this choice of signs, the clock diagram of the currents and 
electromotive forces in the respective armature windings becomes 




symmetrical. The diagram of Fig. 99 represents the electro- 
motive forces and currents in the armature windings, whether the 
windings be Y-connectcd or A-connected. 

54. Manner of connecting receiving circuits to the three-wire 
mains of a three-phase system. 

{a) For dissimilar receiving circuits {unbalanced system). In 
this case the four-wire system should be employed as shown in 
Fig. 94. This requires of course four collector rings on the 
generator. A polyphase generator is, however, used primarily 
for supplying currents to rotary converters and induction motors, 
such machines always involve similar receiving circuits, one 
receiving circuit for each phase, and when current is delivered 
from a polyphase system to individual (single -phase) receiving 
circuits, such as lamps, it is generally possible to distribute these 
individual receiving circuits among the several phases so as to 
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give an approximately balanced system. Polyphase systems are 
in fact nearly always arranged with the idea of delivering currents 
to balanced receiving circuits. 



'OOOOOOffOOO 




{S) For similar recmnng circuits [balanced system). In this 
case the receiving circuits may be connected to three-wire three- 
phase mains according to the Y-scheme as shown by Fig. loi, 




k:ording to the A-scheme as shown by Fig. 102, and either 
scheme may be employed irrespective of the manner in which the 
armature windings of the generator are connected. 
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55, Electromotive force and current relations in the Y-scheme of 
connections. J 

(i) Referring to the generator, (a) Electroinotive force tria-A 
tions. Let E^, £, and £j be the electromotive forces from main 
I to main 2, from main 2 to main 3, and from main 3 to main i, 
respectively, see Fig. 98. From Fig. 98 it is evident that 3 
positive electromotive force in winding A produces an electro- 
motive force from main i to main 2 (positive), and that a positive 
electromotive force in winding B produces an electromotive force 
from main 2 to main i (negative). Therefore £, is equal to 
A — B (vector difference). Similarly, E^ is equal to B — C, 




FIC. 103. 



and E^ is equal to C— A. These relations are shown in F^ 
103, and from this figure we see at once that ih€ value of A 
eleciromotwe force between any pair of mains is Vj times I 
electromotive force in each Y-connected armature winding. 

[p) Current relations. In the Y-scheme of connection I 
currents in the mains are identical with the currents in the respec- 
tive windings. This is evident from Fig, 98. 
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Referring to the receiving circuits, {a) Electromotive force 
relations. Given the electromotive forces £",, E^ and E^ between 
the mains as shown in the clock diagram Fig. 103, then the elec- 
tromotive forces acting on the respective Y-connected receiving 
circuits are represented by the lines A, B and C. Therefore the 
value of the electromotive force acting on each Y-connected receiving 
circuit is eqval to the electromotive force between mains divided 

{p) Current relations. In the Y-scheme of connection the 
current in each main is identical with the current in each receiv- 
ing circuit. 

I, Electromotive force and current relations in the A-scheme of 
connections. 

(i) Referring to the generator, [a) Electromotive force rela- 
tions. In the A-scheme of .connections the electromotive forces I 



between mains are identical with the electromotive forces devel- 
oped by the respective armature windings. 

{&) Current relations. Let /„ /^ and ^ be the currents in 
mains I, 2 and 3 respectively, each being considered positive 
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when it flows away from the generator as shown by the 
'n Fig. lOO. From tljis figure it is evident that a positive current 
in winding A produces a positive current in main i, and that a 
positive current in winding B produces a negative current in main 
I. Therefore I^ is equal to a — b (vector difference). Similarly, 
/j is equal to b — c, and ^ is equal to c ~ a. These relations 
are shown in Fig. 104, and from this figure we see at once that 
the value of the airrent in each main is -\/j times ike current 
each ^-connected annature imnding. 

2. Referring to the receiving circuits, {a) Electromotive force 
relations. In the A-scheme of connection the electromotive force 
acting on each receiving circuit is identical with the electromotive 
force between each pair of mains, 

ifi) Current relations. Given the currents, a, b and c in the 
respective receiving circuits {see Fig. 104), then the currents bi>i 
the respective mains are represented by the hnes /j, I^ and I^ 
Therefore, the value of the current in each ^-connected receiving 
circuit is equal to the current in each main divided by 1/3. 

57. Power in polyphase systems. When the receiving circuits 
are unlike (system unbalanced) the amounts of power delivered 
to each are in general different, and the system must be treated 
as independent single-phase systems. The only case in which 
the power relations in a polyphase system can be treated on a 
simpler basis than that corresponding to independent single-phase 
systems, is the case in which the system is balanced. In this 
case there are two important matters to be considered : {a) The 
constancy of power, and (b) the value of the power. 

(fl) Constancy of power in balanced polyphase system. In the 
single-phase alternator the instantaneous value, ei, of the power 
pulsates as explained in Art. S, whereas a polyphase generator 
delivers a perfectly steady flow of energy, that is, a steady 
power, to balanced receiving circuits. In this case the power 
delivered to each receiving circuit of course pulsates, but the 
pulsations are so related that the sum does not pulsate. An 
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interesting consequence of this steady flow of power in a balanced 
polyphase system is that, whereas, the driving torque of a single- 
phase alternator must pulsate except in so far as the pulsations 
of torque are averaged out by the fly-wheel effect of the rotating 
armature, the driving torque of a polyphase generator is perfecdy 
steady when it delivers current to balanced receiving circuits. 
Moreover a single-phase motor of any kind is driven by a pul- 
sating torque, whereas a polyphase motor of any kind is driven 
by a steady torque, 

I alltrnator. — Consider a single-phase nllernator of 



ei = EI COS fl sin' !^ - EI sin fl sin i^t cos at 
which pulsales with a frequcnc]' twice as great as the frequency of e and i. 

Let equations (a) and [b) enpress the electromotive force and current of one phaw 
of a (balanced) two-phase alternator, then the electromotive force and current of Ihe 
other phase are : 

f' = Heosu( (r) 

I f'=IcQs((J* — fl)=I™s(J^cos0 + Isinti/sin9 (d) 

The instantaneous power output of this phase is 

r'i' ~ EI cos 9 cos" ij/ -|- EI an fl sin u/ cos at 
Therefore the total power output of the two-phase machine is 

= EIeosfl 

[If) Va!ue of power in balanced polyphase system. If A is the 
value of the electromotive force across one of the receiving cir- 
cuits of an K-phase system, a the value of the current in the 
receiving circuit, and cos d the power factor, then Aa cos B is 
the power delivered to the receiving circuit and the total power 
delivered to the « similar receiving circuits is : 

P = 71 Aa cos B 
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If £ is the electromotive force between mains of a three 
three-phase system, and if / is the current in each main, 
the total power delivered by the mains is : 

P = \/~iEI cos B 

in which cos Q is the power factor of each receiving cii 
This form of the equation is confusing for the reason that 
voltage Ef the current /, and the power factor do nc 
refer to a given circuit. The form [a) of the equation is t 
fore to be preferred, 

58. Measurement of power in polyphase systems. Wh 

polyphase system is unbalanced, the power dehvered by 
phase must be measured exactly as in the case of an ord 
single-phase system (see Arts. i8, 19 and 20). When a ] 
phase system is balanced, the measured power delivered bj 
phase may be multiplied by the number of phases to givt 
total power, but exact similarity of the various receiving cii 
is never realized in practice and therefore a considerable 
may be made if the total power is assumed to be nP, whe 
is the measured power delivered by one phase and n is 
number of phases. Therefore it is usually considered nece; 
to measure the actual total power. 

Best method for measuring power approximately by meatis 
single wattmeter. It is usually very inconvenient to discoi 
the current coil of a wattmeter and transfer it quickly fron 
main to another, but it is always very easy to change the 
nections of the voltage coil. The best method therefor 
using a single wattmeter for measuring the power deliver 
approximately balanced receiving circuits by a three-wire sj 
(three-phase) is to connect the current coil in a given main 
take the wattmeter readings with the voltage coil connected 
the given main first to one and then to the other of the 
other mains. The sum of these two wattmeter readings gi 
fairly accurate value for the total power delivered. 



THE POLYPHASE SYSTEM. 



113 



1 89. Use of two wattmeters for measuring accurately the power 
lelivered by any three-wire system. The total power delivered 
)y any three-wire system may be measured by two wattmeters 
vith their current coils placed in two of the mains, and their 
'oltage coils connected from each of these two mains to the third 
natn. Thus Fig. 105 shows two wattmeters connected for 




measuring the power delivered by a tJiree-wire three-phase sys- 
tem. The receiving circuits may be either A-connected or 
Y-connected. 

In some cases the two wattmeter readings are to be added, and 
in other cases the lesser reading must be subtracted from the 
greater to give the total power delivered. To determine whether 
the readings are to be added or subtracted, disconnect one watt- 
meter and put the other in its place, leaving the same terminal 
of the voltage col! connected to the middle main and connecting 
terminals 1 and 2 of the one current coil in place of terminals i 
and 2 respectively of the other current coil. If the deflection 

f the transferred wattmeter is reversed, the readings are to be 

ibtiacted. 

[ 7b sk<ra Ikat the sum of the taio wattmiter rtaiiings gi 

t poadve directions in the mains I and 3 and in the three 
Q as shown by the arrows ia Fig. 105. These directions ai 
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My with tefetence to the two wattmeters in order that each wattmeter reading may 
be considered as positive when it represents delivered power. Let e', e" and e"' 
represent the instantaneous values of the voltages, let i' , i" and i'" represent the 
instantaneous valuesof the currents in the receiving circuits, and let a and b repre- 
sent the instantaneous values of the currents in mains I snd z us shown. Then, 
taking proper account of signs we have ; 

-='"' + '"'" I 

k = i" — ?" 

The reading W of the upper wattmeter is eqoal to the average value of the product 
of the current a in its cunent coil and the voltage €* across its voltage coiL 



nd similarly 

Substituting the abov 
H''+ ;r" = a\ 



M"=^avetaEe ae' 
IV" ^average 6e" 
values of a and * in the expresiioo for If -j- iV" W 



■' + average K 



.") if" 



" 4" W = average e'i' -\- avetage e"i' 



rage r"'\ 




Discussion of arrangement shown in J-ig. lo^ for the case of harmoi 
and currents. The sum of the two wattmeter readings, having due regard tafl 
possible necessity of considering the reading of one of the wattmeter 
negative, is equal to the total power delivered, whether the voltages and c 
be harmonic or not, and whether the system be halanced or not ; hut a clear J 
dcrstanding of the necessity for considering one of the readings as negativi 
cases may be most easily attained for the case of a halanced system with harmonic 4 
tromotive forces and currents. In order to discuss this case it is nece 
mine the correct clock diagram for representing the facts with due reference ti 
choice of signs indicated in Fig. I05. To determine this clock diagram conaderB 
that if the positive directions of e', e" and c"' (and of coarse of i 
also) are chosen symmetrically with respect to the receiving circuits (ic 
tion around the A-mesh), then the clock diagram is symmetrical like Fig. 99* 
letters a,b and c in Fig. gg correspond to i',i" and i"' in Fig. 105), andttl 
reverse the chosen positive direction of r* and i', as shown in Fig. 105, is to 
the lines in the clock diagram which represent e* and 1'. Therefore the d 
gram which correctly represents the facts in Fig. 105 is that which is shown in Hg;^ 
By carefully considering the signs as represented hy the arrows in F 
that B=ii' -j- '"'i and b^i" — i'", as shown by the heavy doited lines in ■ 

Having thus constructed the correct clock diagram we fiod that the phase diffil 
between a and /' is 30 + ^ and that the phase difference between 6 and V 
30' — fl, so that ! 

ff^' — i^"c:os{30° — 8) 
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which JV end H^' aretherespective wattmeter readings »nd a, b 
faluea of the respective voltages and currents.* 



■iog circuit is }i, the angle 30« -J-fl 



is 60°, thai is when the power factor of each 
is 90°, and iV reduces to zero ; aod 
when is greater than 60° the angle 
jo° + fl is greater than 90°, and fP 
becomes negative. That is, when the 
power factor of the similat receiving 
circuits is greater than }i, both watt- 
meter readings are positive, when the 
power factor is equal to % one watlmeter 
reading becomes zero, and the other in- 
dicates the total power, and when the 
power factor is less than f^, ooc watt- 
meter reading becomes negative and the 
other reading is greater Ihaa the tolal 

60. Relative copper economy 
of two-phase and tbree-phase 
transmission lines. As a basis 
of comparison nf the copper 
economy let us consider a four- 
wire two -phase transmission 
line and a three- wire three- 
phase transmission line of the same length with the same voltages 
between mains in each case. Let E be the common value of 
the voltages at the receiving end, and let it be required to find 
the relative animitits of copper required to transmit the same amount 
of poiver {unity power factor) with the same loss of power in the 
mains in each case. Let R^ be the resistance of each of the 
four wires of the two-phase line, let R^ be the resistance of 
each of the three wires of the three-phase line, let /^ be the 
current in each of the four wires of the two-phase line, and 
let /j be the current in each of the three wires of the three-phase 
line. Then 2EI^ is the power delivered by the two-phase line 
and \/ '^EI^ is the power delivered by the three-phase line, and, 
since the total power is assumed to be the same in each case, we 
have 2£/, = v^3-£/j or 

• II is contrary to established conventions lo use small letters to represent efTective 
values, and it is done here for the sake of brevity. Smal! letters stand for Lnstantao- 
eous values throughout this article except ia the above two equations for (*" and W". 
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Furthermore, t^RJ^ is the power lost in the two-phase line, and 
3^j/j' is the power lost in the three-phase line, so that 

4R^T* = iRJ^ [S] 

Therefore, using equation (a), we have 

R,~R, {') 

That is, the wires have the same resistance and therefore the same 
weight, and, since four wires are used in the two-phase line and 
only three wires in the three-phase hne, it follows that the total 
weight of copper in the two-phase line is ^ times as great as in 
the three-phase line. The same result is reached on the basis of 
equal percentage drops of electromotive forces in the two sys- 
tems. The result is independent of the power factor of the re- 
ceiving circuits provided the power factor is the same for both 
systems. 

The three-wire two-phase transmission line requires less copper 
than the three-wire three-phase line in the ratio 2,914 to 3, but 
the three-wire two-phase arrangement is not desirable for reasons 
explained in Art. 49, and, furthermore, a three-wire two-phase 
line with £-volts between the middle wire and each outside wire 
has y'2£-volts between the outside wires, whereas, in a three- 
wire three-phase line with A-volts between any two wires, there 
is no higher voltage than E anywhere in the system. Therefore, 
it is unfair to compare the three-phase system with the three-wire 
two-phase system on the basis of equal voltages E. 

On account of the greater copper economy and on account of 
the use of three wires instead of four, the three-phase system is 
nearly always used for long distance transmission. 
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VOLTAGE AND VOLTAGE REGULATION OF THE 
ALTERNATOR. 



61. Electromotive force of the alternator, its dependence upon 
speed and flux. — The electromotive force of a direct current gen- 
erator depends in a very simple way upon the magnetic flux 'J> 
per pote, upon the number of armature conductors Z* , and upon 
the armature speed n. The electromotive force (effective) of an 
alternator, however, depends not only upon ^, Z, and », but 
also upon the width and shape f of the pole pieces of the field 
magnet, and upon the extent to which the windings are spread 
over the surface of the armature. 

The average value J of the electromotive force induced in one 
armature conductor is always equal to p^n abvolts, where p is 
the number of field magnet poles, 4> is the magnetic flux from 
one pole, and « is the armature speed in revolutions per second. 
This is evident when we consider that a given armature conductor 
cuts * lines of force in ijp oi s. revolution or in ijpn ai a 
second, so that the average rate of cutting lines of force is <J' 
divided by ijpn which is equal to p^n. 

Concentrated versus distributed armature windings. — When the 
armature conductors are grouped in p equidistant slots, / being 
the number of field magnet poles, the armature winding is said to 
be concentrated ; when the armature conductors are spread out in 
P broad bands or in p groups of slots, the winding is said to be 
distributed. 

In a concentrated winding the same electromotive force e is 



• Number of 

t Tbis is inlended 



conductors per palh, 
include CTCrytliing which hBcc' 



: the distribution of flux around 



] Whenever tbe average value of an altematiag electro 
ipokeo of, tbe average value daring a half-cycle is always m 
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induced in every armature conductor at any given instant ; there- 1 
fore the electromotive force between the collector rings at the 
given instant is equal to Ze, Z being the number of armature 
conductors in series between the collector rings ; the average 
electromotive force between the collector rings is equal to Z 
times the average electromotive force, p^n, in a single conduc- 
tor ; and the effective electromotive force between the collector 
rings is equal to Z times the effective electromotive force in a 
single conductor. 

In a distributed winding, on the other hand, the same electro- 
motive force is not induced in all of the armature conductors at 
any given instant, because the conductors cannot be all similarly- 
situated under the respective field magnet poles. Or, in other 
words, there is a phase difference between the electromotive forces 
induced in the different conductors. On account of this phase 
difference the average electromotive force between the collector 
rings is not equal to Z times the average electromotive force in 
a single conductor, and the effective electromotive force between 
the collector rings is not equal to Z times the effective electro- 
motive force in a single conductor. 

In the case of a concentrated armature winding the average 
electromotive force between the collector rings is equal to p^Zn, 
but the effective value of the electromotive force cannot be com- 
pletely expressed in terms of /, 'I', Z and k, because it depends 
upon the size and shape of the pole pieces, as well as upon /, 
a>, Z and ». 

In the case of a distributed armature winding neither the aver- 
age value nor the effective value of the electromotive force be- 
tween the collector rings can be completely expressed in terms 
of /, O, Z and n, because they both depend upon the size and 
shape of the pole pieces and upon the exact mode of distribution 
of the windings. 

A complete discussion of the dependence of average values and 
effective values of electromotive force upon tlie size and shape of 
pole pieces and upon the manner of distribution of the armature 
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windings would be of little practical value, and the following dis- 
cussion is limited therefore to a few simple special cases. 

nnlform distribntioa of fluz under pole faces. — Suppose that 
the flux "J" is evenly distributed under the pole faces, as shown in 
Fig. 107, the fringe of flux beyond the pole tips being ignored 
for the sake of simpUcity. Let w be the width of the pole faces 
in degrees, and let s be the distance between the tips of adjacent 
poles, in degrees. Then w may be taken as the number of 
units of time that a given armature conductor is under a pole - 
face, s as the number of units of time that the conductor is be- 
tween two pole tips, and ;f + J as the number of units of time 
in a half-cycle. Under these conditions let us consider two dif- 
ferent armature windings, namely: (ji) A concentrated winding; 
and {B) a particular distributed winding. 

{a) Concentrated armature winding. — In this case the average 
value (during half-a-cycle) of the electromotive force of the alter- 
nator is equal to p^Zn abvolts as stated above, and to find the 
effective value, we must find the value of the ratio : • efltctive 
value divided by average value. With this object in vieiv let S 
be the actual value of the electromotive force of the alternator 
during the w units of time that the armature conductors are 
under the pole faces. Then, since the actual electromotive is 
zero during the s uBits of time that the windings are between 
the pole tips on the assumption that there is no flux beyond the 
pole tips, it is evident that the average electromotive force of the 
alternator during half-a-cycle is Stvj(^w -J- s), and that the effec- 
tive electromotive force of the alternator is S \/wj{7u + j), so 
that the ratio, effective value divided by average value, is equal 
to v'(if -J- s)lw. Therefore the effective value of the electro- 
motive force of the alternator is equal to /4>Z« i/'[('''-f-t)/r^] 
abvolts. 

(d) Distributed artnature winding. — Let us consider an arma- 
ture winding in which the armature conductors are grouped in 

'This ratio depends upon the shape of the eh 
called "Cat farm factor of the electromotive Ibtce 
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2p slots as shown in Fig. 107, In this figure the breadth of the 
pole faces is 6 units, the distance between pole tips is 4 units, and 
the distance from center to center of slots a and b is 2 J units. 

To determine either the average value (during half-a- cycle), or 
the effective value of the electromotive force of an alternator from 
a given distribution of flux and a given arrangement of the wind- 
ings, it is in general necessary to calculate the instantaneous 
values of the electromotive force for a series of successive posi- 
- tions of the armature, and then find the average, or the square- 
root-of-the -average-square of these instantaneous values. 

The ordinates of the rectangular " curve " bbbb. Fig. 107, rep- 





resent the successive values of the electromotive force of the wind- 
ings which lie in the b slots, the ordinates of the "curve" aaaa 
represent the successive values of the electromotive force of the 
windings which lie in the a slots, and the ordinates of the curve 
EF represent the successive values of the electromotive force of 
the complete winding. Knowing the successive values of the 
electromotive force of the complete winding as represented by the 
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'■ curve £F, the average value (during half-a-cycle) and the effec- 
tive value are easily found. 

In Fig. 107 it 13 assumed Ihat there is □□ fringe of flux bejond The pole lips, and 
Ihe distance apart of each pair of slots a and i is less than the distance belvwn 
pole tips. Undci these conditions there is never an in-stnot when the induced 
elEctromolive forces in the different parts of the given arniature winding oppose each 
other, and, such being the case, Ihe average value (dining half-a-cycle) of the elec- 
tromotive force of the alternator is equal to Z times the average value (during hslf- 
a-cfde) of Ihe electromotive force in a single conductor ; and when this relation 
holds, the effective electromotive force of the alternator can be eiprcssed as fitZn 
times the form factor of the electromotive force curve. In general, however, Ihe 
form factor can be used in this way only in case of a concentrated armature winding. 

Eannonic distribution of flux. — Figure 108 shows an arma- 
ture between two nearly flat pole-pieces, so that the flux density 
in the gap space is greatest at the points aa. If the pole faces 




fie. ids. 
were so shaped that the flux density at any point 6 in the gap 
space would be proportional to the cosine of the angle a, we 
would have what is called a harmonic distribution of flux, and 
the electromotive force induced in each armature conductor 
would be a harmonic electromotive force capable of being repre- 
sented by a line in a clock diagram. 

(a) Concentrated armature winding. — In the ca.se of a con- 
centrated winding, the average value {during half-a-cycle) of the 
electromotive force of the alternator is equal to p^Zn abvolts as 
stated above, and if the electromotive force is harmonic (harmonic 
distribution of flux) the ratio, effective value divided by average 
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value, is equal to Tr/{2i/2), Therefore the effective value ofdiel 
electromotive force of an alternator having a concentrated arma- 
ture winding, and having a harmonically distributed flux, is equal 
to J 

w/(2i/2) X p^Zn abvolts. I 

{p) Distribiiled annalure -unnding. — Consider an armature ' 
winding in which the conductors are grouped in 4^ slots, that is 
in p groups of slots each group having four slots as shown in 
Fig. 109. Let q be the angular distance between centers of ad- 




jacent north poles of the field magnet, and let j be the angula; 
distance from center to center of adjacent slots. 

All of the conductors in the a slots constitute a concentrated 
winding, all of the conductors in the b slots constitute a concen- 
trated winding, all of the conductors in the c slots constitute a 
concentrated winding, and so on. These concentrated windings 
are all alike, the respective electromotive forces A, B, C and D 
which they develop are all the same in value, but they differ in , 
phase, and the phase difference A to B, B to C, and C to j 
is sjq X 360°. Therefore the four electromotive forces A, 
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C and D may be represented by the four equidistant vectors A, 
B, C and D in the clock diagram Fig. 1 10. 

jor- 







If the windings in all of the slots in Fig. 109 are connected in 

» series as a single distributed winding, the effective value of tlie 
electromotive force produced by the combined winding will be 
the vector sum of A, B, C and D, as shown by the line E in 
Fig. 110, in which the lines A, B' , C and D' form a portion 
of a regular polygon of which E is the chord. If the angular dis- 
tance between A and B, B and C and so on, is small, the lines 
A, B', C and D' form sen.sibly the arc of a circle of which E 
is the chord, and the angle subtended by the arc is the phase dif- 

»fcrence between A and D. 
I If the electromotive forces A, B, C and D were in phase with 
each other, that is if all of the armature conductors were concen- 
trated in fi slots, the effective value of E could be calculated from 
the formula 7r/(2i/2) x p^Zn abvolts, and it would be equal to 
^wthe arithmetical sum (not the vector sum) of A, B, C and D ; 
^Bfaat is, the value of E would be represented by the length of the 
^p»r AB'C'D' in Fig. no. In fact, however, E is represented 
by the length of the chord, so that ■7r/(2V'2) x p^Zn must be 
multiplied by the ratio chord/arc to give the correct value of E, 
the chord and arc being such as to subtend an angle equal to the 

E;nce between the electromotive forces induced in those 
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group. This ratio chord/arc, as here defined, is sometimes 
called the pliase constant of a distributed winding. The follow- 
ing table gives the values of this phase constant based not upon 
the length of circular arc but upon the actual length of the 
proper portion of the periphery of the electromotive force poly- 
gon, see Fig. no. 



MiunWafrioulD 


Width! oTcTDiipiaf iloM tn fiscrioMl parti of A'lo 5. 
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m.i.. 


3 
4. 


.980 
■977 
■976 

■975 


.960 
.958 
■955 


.984 

ti 

.901 


X 
'& 


■ 707 

.666 
•'!3 
.637 



The slots for a given winding are always arranged in / similar 
groups, p being the number of field magnet poles. The slots in 
a group are always equidistant, and the width of a group is un- 
derstood to mean ns, where n is the number of slots in a group 
and s is the distance from center to center of adjacent slots. It 
is evident that if the width of the groups of slots is ^ of the dis- 
tance from N to S, center to center, then three such windings 
can be placed on the armature giving a three-phase alternator, 
and if the width of the groups of slots is J^ of iV to S, center to 
center, then two such windings can be placed on the armature 
giving a two-phase alternator. Figure 1 1 1 shows the outline of 
an S-pole alternator with its armature slotted for a winding dis- 
tributed in ^p slots, the width ns of each group of slots being J^ 
of the distance N to S, center to center, so that there is room 
on this armature for two additional windings of the same type. 

It is undesirable to spread the winding of a single-phase alter- 
nator over the whole armature surface. Thus the phase con- 
stant of a winding spread over the whole surface is 0.63 7 and the 
phase constant of a winding spread over ^ of the armature sur- 
fece is 0.7S4. The number of armature conductors in the first 
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case being taken as 100, the number in the second case would 
be 75, and the electromotive forces would be in the ratio of 




ICO X 0.637 to 75 X 0.784, that is in the ratio of 63.7 to 5S.8. 
It is therefore evident that only a slight increase of electromotive 
force would be obtained by filling up the whole armature surface 
of a single-phase alternator with windings, whereas the armature 
resistance, the loss of power due to armature resistance, and the 
cost of copper would all be increased in the ratio of 75 to 100 in . 
the case cited. A single-phase alternator giving, say, i,ooo volts 
and having an armature wound with wire large enough to carry 
100 amperes, and therefore able to deliver 100 kilowatts to a 
noninductive receiving circuit, must be larger and more costly 
than a two-phase or three-phase alternator capable of delivering 
the same total amount of power. 

62, Voltage regulation of an alternator. — An alternator, driven 
at a constant speed and having a constant field excitation, gives 
a certain terminal voltage when its current output is zero, and its 
terminal voltage generally falls off in value with increase of cur- 
rent output; or, if the machine is adjusted to give a certain ter- 
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minal voltage at full load, its terminal voltage generally rises | 
with decrease of current output The increase of terminal voltage 
from full load to zero load expressed in per cent, of normal full- 
load voltage, field excitation and speed both being constant, is 
called the voltage regulation of the machine. 

The voltage regulation of an alternator varies greatly with the 
power factor of the receiving circuit. For example, a certain 1 
alternator delivers its full-load current to a non-inductive receiv- J 
ing circuit (power factor equal to unity) at its normal full-load \ 
voltage of I loo volts, and the terminal voltage rises to 1188 
volts when the load is reduced to zero by opening the main 
switch. The same alternator has its field excitation adjusted so 
that it gives its normal full-load voltage of 1100 volts when it 
delivers Its full-load current to an inductive receiving circuit of 
which the power factor is 0.80, and the terminal voltage rises to 
13S6 volts when the load is reduced to zero. That is, the given 
alternator has a regulation of 8 per cent, when it delivers current 
to a receiving circuit having unity power factor, and it has a reg- 
ulation of 26 per cent, when it delivers current to an inductive 
receiving circuit having a power factor equal to o.So. When an 
alternator delivers current to a receiving circuit like a condenser, 
in which the current is ahead of tlie electromotive force in phase, 
the regulation of the alternator is better (smaller) than when the 
receiving circuit is non-inductive. Thus, the above alternator 
has a regulation of zero per cent, when it delivers current to a 
condenser circuit having a power factor of 0.97, and a regulation 
of litinus 14 per cent, when it delivers current to a condenser cir- 
cuit having a power factor equal to 0.80. A zero per cent, regu- 
lation means no rise of terminal voltage from full load to zero 
load, and a negative regulation means a decrease of terminal 
voltage when the current output is reduced from full load to zero 
load. 

Example. — The two curves in Fig. 112 show the regulation 
of a 135 kilowatt, 2-phase, 60 cj-cle inductor alternator of the 
Stanley Electric Manufacturing Company. The abscissa of a 
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point on one of the curves represents a given current output per 
phase, and the ordinate of the point represents the terminal volt- 
age observed when the given current output is reduced to zero, 
the field current having been adjusted to give the rated voltage 
of 2400 volts with the given current output. Thus when the 
field excitation is adjusted to give 2400 volts across the terminals 
of the alternator with full-load current output of 28.1 amperes 
per phase, and unity power factor, the terminal voltage rises to 
2625 volts at zero load. That is, the full-load regulation of the 
machine with unity power factor is (2625 — 24CX3) -7-2400=0.094 
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or 9.4 per cent. With half-load current of 14.05 amperes per 

phase and unity power factor, the terminal voltage rises from 
2400 volts at half-load to 2450 volts at zero load. That is, the 
half-load regulation of the machine with unity power factor is 
{2450 — 2400) -i- 2400 = 0.021 or 2.1 per cent. With a power 
factor of 0.70 the full-load regulation is 22.5 per cent, and the 
half-load regulation is 10. o per cent. 

63. Theory of voltage regulation of the alternator. — The decrease 
of terminal voltage of an alternator with increase of current out- 
put is due to two efiects, namely, (a) the resistance of the arma- 
ture windings, and (1^) tlie magnetizing action of the armature 
current or currents. In discussing the effect of magnetizing 
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action of the armature current, or currents, it is convenient to 
tliink of the field windings as producing a certain constant flux 
"J), and of the armature current or currents as producing a cer- 
tain additional flux O'; for brevity we will call ^ the "field 
flux" and $' the "armature flux," although of course both $ 
and tJ"' pass through the armature. 

The field flux "J* may be thought of as producing a certain 
"total induced electromotive force" in each armature winding; 
a portion of this total induced electromotive force is lost in bal- 
ancing the electromotive force induced by the armature flux 4"', 
another portion is lost in overcoming the resistance of the arma- 
ture winding, and the remainder appears as the terminal voltage 
of the machine. Therefore, to calculate the voltage regulation 
of an alternator it is necessary to consider the value and phase of 
the electromotive force induced in the armature windings by the 
flux ^'. 

In the polyphase alternator with a balanced load the armature 
flux ^' is constant in value (for a given value of the armature 
currents) and fixed in space, and electromotive forces are induced 
in the moving armature conductors as they cut this flux. In the 
single-phase alternator, on the other hand, the armature flux 4"' 
is neither constant in value nor fixed in space, and the electro- 
motive forces induced in the armature conductors by 4*' are 
therefore very complicated in the single phase alternator, 
following discussion applies primarily to the polyphase altemal 
with a balanced load, and the discussion is made to refer explic- 
itly to a two-pole machine for the sake of simplicity. 

When a polyphase alternator delivers current to balanced non- 
inductive receiving circuits, the axis of the armature-magnetizing- 
action (axis of 4"') is at right angles to the axis of the field as 
shown in Fig. 1 1 ^a, in which « and s represent the magnetic 
poles on the armature core due to the armature magnetizing 
action. The fine lines in Fig. 1 1 ^a represent the actual distribu- 
tion of the armature flux *', and i/ie fine lines in Fig. IV 
represent ike distribution of *' on the assumption that the 
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^ the pole pieces completely and uniformly surrounds the anna- 
ture. 

When a polyphase alternator delivers current to balanced 
inductive receiving circuits, the axis of armature-magnetizing- 




Aetual and assumed distribul 

action {axis of *') is shifted forwards 6° as shown in Figs. 1 1417 
and 1141^, where 9° is the phase angle between voltage and 
current in each receiving circuit. When the currents in the re- 
ceiving circuits lead the electromotive forces in phase by the angle 




6, then the axis of *' is shifted backwards as shown in Figs. 
I is« and 1 15^. 

Several important things are at once evident from Figs, 113, 
114 and 115 as follows: (a) The armature flux O' is to a cer- 
tain extent opposed to the field flux 4' in Fig. 1 14, {b") The 
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armature fliix 0' is to a certain extent in the directioQ of the 
field flux 4»' in Fig. ii5,and(f) The annature flux ^ neither 
helps nor opposes the field flux ^ in F^. 113. This matter id 
discussed in Art. 65. 

(d) The distribution of 4>' is &r from betog harmonic (like/ 
Fig, 107) and therefore the electromotive forces induced by ' 
in the moving armature conductors are far from being harmonic^ 
This is the most serious obstacle to the formulation of a simple 
method for calculating the \'oItage regulation of an altematOTtf 





ActUAl and assnmeil distribntion or ^, Inding cnrreDts. 



and indeed a simple method must be based on the assumptioi 
that ^' is harmonically distributed as shown in Figs. 1 1 3^, 1 14J 
and 1 1 5^, and this means that the field magnet is assumed noj 
to have polar projections but to surround the armature uniform^ 
on all sides as indicated. 

(e) It is evident from a careful consideration of Fig. 1 13^ that 
the electromotive force induced in each armature winding by the 
flux <I>' is 90° behind the electromotive force induced by the field 
flux <b, so that the portion of the " total induced electromotivi 
force " (due to <E>) which is used to overcome the electromotii 
force produced by 4"' is 90° ahead ai the total induced elect 
motive force, or 90° ahead of the current in the given armatur^ 
■winding, since, in Fig, 1 13, current and voltage are supposed ti 
; in phase with each other. A careful consideration of Figs. 
5 and 1 1 5^ will make it evident that in every case the portion 
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f the tolal induced electromotive force which is lost in overcoming 
t electroinotive force produced by <P' is go° a/tead of t/ic current 
yix phase. This lost electromotive force is, furthermore, proportional 
to the armature current / so that it may be expressed as A'/ 
where X is a reactance exactly like an inductance- reactance. This 
quantity X is called the " synchronous reactance " of tlie armature. 
The general relation between the total induced voltage (due to 
field flux 't') and the terminal voltage of an alternator is shown 
in Fig. 116. The line 0/ rep- 
resents the current in one of 
the armature windings, the line 
0£ represents the total induced 
electromotive force, the line £^ 
represents the terminal voltage, 
J?/ represents the electromotive 
force lost in overcoming armature resistance, and the line X/ 
represents the electromotive force which is lost on account of 
armature magnetizing action. 

64, Calculation of voltage regulatloii of an alternator. — Nearly 
all alternating current generating stations deliver current at an 
approximately constant voltage, and the various lamps and motors 
are connected in parallel across the mains. It would be desirable 
therefore if an alternating current generator could be made to 
give an exactly constant voltage, however its current output might 
vary, and in practice alternators are constructed to give as small 
a variation of voltage as possible from zero load to full load. 
Purchasers generally require of a manufacturer a certain guarantee 
as to the voltage regulation of an alternator. In view of this guar- 
antee, it is always necessary for the manufacturer to determine 
the voltage regulation of an alternator by test, so as to be sure 
that it comes within the guarantee. In the case of a small 
machine, this test can be made directly by driving the machine, 
adjusting its field excitation to give normal voltage at full load, 
and observing the rise of voltage when the load is thrown off, 
speed and field excitation being unchanged. In the case of large 
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machines, however, this direct method is not usually feasible an^| 
it is therefore customary to calculate the voltage regulation offl 
large machines in terms of certain easily obtained data. The dat» 
which are used for this purpose are included in what are calledB 
the saturation curve and the synchronous reactance curve of thi^| 
machine. fl 
The saturation curve. — The saturation curve of an altematolB 
is a curve of which the abscissas represent the values of the fielml 
current and the ordinates represent the corresponding observed 
values of the terminal voltage of the machine at zero load. Thus, 
Fig. 117 shows the saturation curve of a certain 2,000 kilowatt, 
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The synchronous reactance curve is determined as follows : The 
nature is short-circuited* through an ammeter, the machine is 
riven at normal speed, the field excitation is adjusted until fuU- 
I current (or any desired fraction of full-load current) flows 
through the ammeter and the ammeter reading is taken. The 
short-circuit is then opened, and, with unchanged speed and field 
excitation, the voltage across the alternator terminals is measured. 
The ammeter readings are then plotted as abscissas and the cor- 
responding open-circuit voltages are plotted as ordinates. Figure 
118 is the synchronous reactance curve of the 2,000-kilowatt, 
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\ 3-phase alternator which is referred to in connection with Fig. 117 
'above. In Fig. iiS the abscissas represent amperes in each 

armature winding {ammeter readings divided by V '^. 
The reason for calling this curve the synchronous reactance 

curve is that the voltage corresponding to any given abscissa 

D B polyphase Btmature all of Ihe phases must be simultaneously short-ci 
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(current) is the "total induced electromotive force" required to 
force the given current through the short-circuited armature, and, 
since the resistance of the short-circuited armature is negligibly 
small, it is evident that the only thing which opposes the flow of 
this short-circuited current is the armature inductance or magnet- 
izing action, whichever one may wish to call it. The reactance 
value of this inductance depends of course upon the frequency, 
and the term synchronous reactance refers to the reactance value 
of the armature inductance or magnetizing action at the normal 
speed of the machine. 

Electromotive force method of calculating voltage legulation, — I 
This method may be best explained by giving numerical ex- j 
amples. Let it be required to calculate the voltage regulation 1 
(full load to zero load) of the 2,000-volt, 2,000-kilowatt, 3-phase ' 
alternator referred to in connection with Figs. 117 and ir8 
(fl) for receiving circuits of unity power factor and {b) for receiv- 
ing circuits of 0.85 power factor, the resistance of one of the 
armature windings (one phase) being 0.07 ohm, 

[a) For unity power factor. — The full-load current in one I 
armature winding is 333 amperes, so that the RI drop in the I 
armature at full load is 23,3 volts. This RI drop is in phasel 
with the current and therefore in phase with the terminal voltage,! 




since the power factor of the receiving circuit is assumed to h 
unity, so that the sum of the RI drop and the terminal volta 
is 2023.3 volts. From Fig, 118 we find that 1150 volts con 
spond to 3 3 3 amperes, that is to say, the value of XI in Fig. 1 1< 
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is equal to 1 150 volts. Therefore the "total induced electromo- 
tive force," that is the electromotive force which is induced by the 
"field flux" ^, is equal to i''(2023.3J* + {i 150)* or 3327 volts, 
which is of course the value to which the terminal voltage would 
rise if the current output were reduced to zero. Therefore 
the regulation of the machine for unity power factor is 
(2327 — 200o)/20O0= 0.163 or 16.3 per cent. 

(J>) For a power factor equal to o.Sj. — Choose the current 
vector 0/, Fig. 120, as the reference axis, lay off the full-load 




terminal voltage of 2000 volts in its proper phase relation to 
/(cose = o.85), and layoff R/ {23.3 voits) and XI (1150 volts) 
as shown ; the line OE will then represent the total induced 
electromotive force, and it is, of course, the value to which the 
terminal voltage of the machine would rise if the current output 
were reduced to zero. The value of the zero-load voltage (corre- 
responding to 20CX) volts terminal voltage at full load and 0.85 
power factor) is thus found to be 2800 volts, so that the regu- 
lation is (2800 — 2OOo)/2O0O = 0.40 or 40 per cent. 

The magnetomotlTe force method.* — If the magnetizing action 
of the field winding and of the armature were not complicated by 

• This is culled Ihe American Institule Method, inasmuch aa it is recomroended bj 
the Inalilule Commitlce on Standardization. See page 255 of volume 16 of the 
lyaHiaclians. A new report is now (1907) in prepaifttioo. 



the polar projections of the field magnet, that is, if the armature 
were completely and uniformly surrounded with iron as shown in 
Figs. 113^, 1 141^ and 1 1 5 (5, then the combined effect of two i 
netizing actions A and B would be as follows : Consider the 
flux * across the armature due to A and the flux 4>' due to 
B. Draw hnes in the directions of <1> and *' and let the lengths 
of these lines represent the magnetomotive force values (ampere- 
turns) of A and B respectively. Then the vector sum of these 
lines will represent the direction and value (in ampere-turns) of 
the single magnetizing action which is equivalent to the combined 
action of A and B. This is the fundamental idea of the mag- 
netomotive force method for calculating voltage regulation, and 
the method is best explained by considering numerical examples. 
Let it be requii-ed to calculate the voltage regulation (full load to 
zero'load) of the 2000-voIt, 2000-kiIowatt, 3-phase alternator re- 
ferred to in connection with Figs. 1 1 7 and 1 1 8, (a) for receiving 
circuits of unity power factor and (^) for receiving circuits of o.Sj 
power factor, the resistance of one of the armature windings (one 
phase) being 0.07 ohms. 

(a) Unity power factor. — When the alternator delivers full 
load current of 333 amperes from each of its armature windings 
to noninductive receiving circuits, the two components of the 
total induced voltage parallel to and at right angles to the cur- 
rent are 2023.3 volts and 1150 volts as explained above undo- 
the electromotive force method. From Fig. 117 we find that a 
field current of 84 amperes is required to give 2023 volts total 
induced electromotive force ; and a field current of 42 amperes 
is required to give a total induced electromotive force of 
volts. To give these two quadrature electromotive forces si 
taneously a field current equal to 94 amperes (=1/84^ + 42^ 
would be required ; and, according to Fig. 1 17, this field current 
of 94 amperes would give a total induced electromotive force of 
3200 volts, which is the value to which the terminal voltage of 
the machine would rise at zero load. Therefore the regulation 
of the machine is (2200— 2000)/2000 = o. 10 or 10 per cent 
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(d) For power factor equal to 0,85. — From Fig. 1 20 the two 
components of the total induced electromotive force, parallel to 
and perpendicular to the current, are 1723. 3 volts and 2207 
volts respectively. The field currents required to produce total 
induced voltages of 1723.3 and 2207 are found from Fig. 117 
to be 68 amperes and 94 amperes respectively, and to give these 
two quadrature electromotive forces simultaneou.sly would require 
116 amperes (= 1/68' + 94'). The zero-load voltage corre- 
sponding to I r6 amperes of field current is found from Fig. 1 17 
to be 2400 volts. Therefore the regulation of the alternator b 
(2400 — 20Oo)/30O0 = 0.20 or 20 per cent. 

CompariBon of the two methods for calculating voltage regula- 
tion. — The two metliods for calculating voltage regulation are 
based on assumptions that depait very widely indeed from the 
conditions which actually exist in an alternator (compare Figs. 
11312, ii4fl and iis«, with Figs. 113^, 114^ and iiS*^) and a 
theoretical comparison of the two methods would depend upon a 
complete analysis of the actual conditions represented in Figs. 
II3«, 11412 and 115a. The only satisfactory way to compare 
the two methods is to compare the results of calculations 
with actually observed values of voltage regulation. The elec- 
tromotive force method generally gives a larger (poorer) regula- 
tion than is found by actual test, and the magnetomotive force 
method generally gives a smaller (better) regulation than is 
found by actual test. The former method has therefore been 
called the "pessimistic method" and the latter the "optimistic 
method." * 

65. Armature demagnetizing action, — The discussion of the 
magnetizing action of the armature current, or currents, of an 
alternator which is given in Arts. 63 and 64 covers the ground 
as completely as it can be covered without entering into the theory 

•See "The Esperimenlal Basis for the Theory of Regulation of Alteraalors," bj 
B. A. Behrend, Transactions 0/ Iki Ameritan Inslilutt 0/ Eleclrieal Enginetrs, 
Vol. Jl, pages 497-517, 1903; and "The Reguletion of Alternators," by D. 1 
Rubhmore, Tramaciions of Iki Infcrnalianal EUclTical Cangms, Vol. 1., pages 
719-761, St. Louis, 1904. 
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of non-harmonic electromotive forces, and to do this would lead 
to impractical mathematical complications. There are, however, 
two fairly simple aspects of armature magnetizing action which, 
although they are involved by implication in the discussion of 
Arts. 63 and 64, should be brought out more distinctly. In 
the first place the flux under the pole pieces is crowded to one 
side in the direction of rotation, and in the second place the 
armature currents oppose the field winding in forcing flux 
through the armature when the receiving circuit is inductive and 
they help the field winding in forcing flux through the armature 
when the receiving circuit has negative reactance Uke a condenser. 

Discussion of Jemagnelhing aeilon.— Convict HiEaiDiaaon. TT, Fig. Ill, 
which constitute the armnlure winding of a 2-po1e single-phase altrtnalor ai 
The electromotive force of tliE machine may be written 




») (») 

behind the electrotcotive force, which angle 
of the : 

Dn the armature (four turns arc shown ii 
le to the windinj 
'T, Fig. 121. The component of iT in 
'cos ul, and this is a measure, in ampere- 
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turns, of the amount that liie Brmatare cnrreDt is helping (he field winding al 
giTen insUnL Let this be represented by m. so that 



r, substituting the value of i from eqaatioi 

in = IT-COS 1. 

m = IT-COS L,/sin.^/( 



-8) 



10 — IT-cos'«<'sin9 (iv) 

The average value of ra is the average amouul iu ampete-turos that the Geld wind- 
ing is helped b; the annature current, and the average value of ni is equal to the sum 
of the average values of the two terms of the light-hand member of equation (iv), but 
the average value of the drst term is zero and the average value of the second term is 
— ilTaaB, inasmuch as the average value of cos' i.^ is equal to ^. Therefore 

average value of m = — JI Tsin B 
or, labstitDting the effective value 7=1/ v^z, we have 



average value of in = 



^/rsinfl 



(') 



The meaning of this equation is as follows; (a) When 6 is ktk 
neither helps nor opposes the passage of flui, on the average ; (3) when fl is posi- 
tive, that is when the current lags behind the voltage in phase, the armature current 
opposes the passage of flux, on the average ; and (f ) when 8 is negative, that is 
when the current is ahead of the voltage in phase, the armature current helps the pas- 
sage of tlux, an the average^ 

The constancy of the magnetizing action of the armalure currents in a Iwo-phaae 
armature, when the receiving circuits are balanced, is easily shown. Let m, equation 
(iv), be the instantaneous value of the magnetizing action of phase ^4 of a two-phase 
armature. The instantaneous value of the magnetizing action m' of phase B is 
obtained by substilHting 4d/±90° for u/ in equation (iv) which gives: 

«' = — irsinu/ cos L,/ cose— irsin'Lj/ sine. (vi) 

Thetefbre the total magnetizing action of the two phases is 

™ + ^ = _ir(siu<^(-f cost^OsmS 
w + ™' = — ITsinfl 

66. Power rating of alteraators. — The current deliveretJ by an 
alternator generates heat in the armature which heat, together 
with the heat generated by eddy currents and hysteresis, causes 
the temperature of the armature to rise until it gives off heat as 
fast as heat is generated in it. Therefore, to increase the current 
output of an alternator causes an increased rise of temperature of 
the machine. This heating effect usually determines the current 
rating of an alternator, and the power rating of an alternator 




i feniuaiLks cmploj'cd in Anier- 
des po" — '*">^. 60 o'dcs per secon4 
125 or 133 tydcs per second. 

Vcqr lov fivqa^Kies aiv aot "^ ■'■'- far I^bting on account 
of die trB^"""^ ' of Icnr fluiaLULji to prodoce fiickenng of the 
fights. A fr g q o ca cy of afaont 60 cytdcs per second seems to be 
tnc fewci' fimt Mr sati^Ktmy I^Bting. 

High frequencies aic not well w^iCcd for tbe operation of ui- 
duction motois. synchnjooos motots, or vMary converters, be- 
cause high frequencies De c e taiUl e cither great sjieed or a great 
number of 6e!d poles, and in single-phase commutator motors 
high frequencies involve excessi\-e sparking and iow power fee- 
tors. For dri%-ing motors and rotarj- converters a frequency of 
2; cycles per second is the standard in American practice. 

Wlien an alternator is to supply current for lighting and also 
for driving motors a frequency of 60 cycles per second is gen- 
eralty used in American practice. 

* bee page 170 o( the firit volume of [his 




; SYNCHRONOUS MOTOR. THE OPERATION OF ALTER- 
NATORS IN PARALLEL. 

68. The synchronous motor. The operation of alternators in 
«rallel — Fig. 1 23 shows the essential connections for operating 
wo alternators in parallel so that tlie combined output of the two 
Utemators may be delivered to a single receiving circuit ; and 
?ig. 123 shows the essential connections for operating one alter- 




Stor, say, A, as a generator and the other, 3, as a synchronous 
r. In the operation of an alternator as a synchronous motor 
tis usually at a distance from the alternating current generator 
rhich drives it, so that the generator A and the motor B, Fig. 
123, require separate sources of direct current for field excitation. 
In Fig. 122 the two alternators A and B form a closed circuit 
independently of the receiving circuit exactly as in Fig. 123. In 
fact, the interaction of two alternators which are connected in 
parallel as generators is in many respects the same as the inter- 
:don of two alternators one of which drives the other as a 
ijmchronous motor. Therefore the two cases are here treated 
Under one general heading ; in fact, the parallel operation of alter- 
nators as generators is best treated as a special case of synchro- 
nous motor operation 
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The two machines, A and B, in Figs. 122 and 123 are in 
series with each other in regard to the circuit formed by the two 
machines, and this circuit formed by the two machines is the only 
circuit at present to be considered. The electromotive force which 
tends to produce current in this circuit is at each instant equal 
to the algebraic sum* of the electromotive forces of the respective 
machines. Therefore, if the machines are in synchronism, that 
is, if their electromotive forces have the same frequency, the total 
electromotive force which tends to produce current in the circuit 
may be represented in the clock diagram as the resultant E of 
the two lines A and B which represent the electromotive forces 
of the respective machines, 
as shown in Fig. 124, In 
this diagram 1^ is the phase 
difference between A, and 
B, and this angle remains 
constant in value so long 
as the two machines A and 
B run exactly in synchron- 
ism. If, however, one ma- 
chine runs momentarily 
"^■'^*- faster than the other, the 

value of <f> will change. It Is evident that 4> can have any 
value whatever, except in so far as it may be kept within certain 
limits by the action of the two machines on each other. For 
the present we will consider that the angle 1^ can have any value 
from zero to 360°. 

The resultant electromotive force £ produces in the circuit 
of the two machines a current / of which the value is 

VR' + jr' 




(!) 



and which lags degrees behind E in phase where is the 
angle whose tangent is X/^, that is, 

"The electromotive force of each machine is here conadered to be positive wlicd 
it sets in a cliosen direction around the circuit formed by the two mBchines. 
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tan 5 = ^- (ii) 

being the resistance and ■¥(= wi) the reactance of the circuit. 
The power P' deHvered to the circuit by machine A is 

P' = Alzoi {A/) (iii) 

(trhere (A/) is the angle between A and / in Fig. 124, and 
the power P" delivered to the circuit by machine B is 

F" = 5/ cos {BI) (iv) 

Where (BI) is the angle between B and / in Fig. 124, 

For certain values of the angle {AT) may be less than 
po° and the angle {BI) greater than 90°, and if this condition 
occurs, then P' will be positive and P" will be negative. 
That is, machine A will give out power and machine B will 
take in power, or in other words, machine A will act as a gen- 
erator and machine B will act as a motor. 

j For certain values of the angle [AI') may be greater than 
go" and the angle iBl) less than 90°, and if this condition 
occurs, machine A will act as a motor and machine B will act 
as a generator. 

69. Variation of P' and of P" with the phase angle 0. — 
Before the physical aspects of either of the above conditions can 
be discussed, it is necessary to examine carefully into the geomet- 
lical relations involved in Fig. 124 on the assumption that <fi 
may have any value whatever. It is sufficient for our purpose 
however to consider the power output (or intake) of one machine, 
Bay machine B. For this purpose it is convenient to take the 
Kne B in Fig. 124 as a fixed reference axis. Then, as the 
angle changes, the point P will describe a circle about 
the point C, for the line CP is of constant length, being equal 
to A [the electromotive forces (effective) of machines A and B 
ire of course supposed to be constant and their phase difference 
|1, only, is supposed to change]. The triangle OCP in Fig. 
t25 is the triangle OCP of Fig. 124, and the circle in Fig. 125 
S the above mentioned locus of the point P. 
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Draw the line ef^ Fig. 125, through the point O making 
with OC the angle 6 as shown, then OQy the projection of 
OP on the line ef represents the power output P" of machine 
/i. This is shown as follows : The angle between B and E 
is equal to ^ + {BI) and it is also equal to d plus the angle 




Fig. 125. 



POf, so that the angle POf is the same as the angle {BI\ 
Therefore 



OQ « OP cos {BI) = ^cos {BI) = i/iP + X^ -/cos {Bl) 



or 



/cos {BI) == 



OQ 



VR^ + X^ 

whence, substituting this value of /cos {BI) in equation (iv), we 
have 

BOQ 



P"^ 



l/iP + Jf* 



(V) 
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hat is, the power output of machine B is proportional to OQ 
id the proportionality factor is the constant BjVi^ + X^, 

Equation (v) may be put into a more convenient form as 
ollows: The projection of A^ Fig. 125, on the line cf is equal 
CO A cos (<^ — ^) ; the projection of B on ef is B cos ; and 
OQ is the sum of these two projections. Therefore, substituting 
A cos {<f} ^ 0) + B cos for OQ in equation (v), we have 

AB ... B^ 



P" = 



cos (<^ — 5) + 



•cosd (is) 



Figure 126 is a construction essentially similar to Fig. 125, but 
with the electromotive force A taken as the fixed reference axis ; 




Fig. 126. 



'H)th figures, 125 and 126, being constructed ' for the same value 
of (j). From Fig. 1 26 it may be shown that 



P = ^ (vi) 

from which an expression for P' may be derived corresponding 
to equation (15) namely : 
II 
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/*' = ^^ cos (^ + 0)-i 



-cosfl (i6) 



V/i' + X' 

These equations, (15) and (16), are the fundamental equations 
of the synchronous motor. Of course the algebraic sum of P' 
and P" is equal to RP. 

A very clear idea of the variations of P" n-ith is given by 
the variation of OQ, Fig. 125, and a clear idea of the variation 
of P' with (^ is given by the variation of 0' Q , Fig. 126. 
This variation of P' and and P" with </> is extremely important 
in the following physical discussion, and a clearer insight into this 
variation may be obtained with the help of Figs, 127 and 128, 




A = 1,100 yoXii. ff= 1.00 ohm. 

B = 1,000 volls. uL = 0.5S ohm. 

Fig. 127. 

in which the values of <f> are represented as abscissas, and the 
values of P', P", and RJ\=P' -\- P") as ordinates. Figure 
128 is an enlargement of the middle portion of Fig. 127, and the 
ordinates of the curve 1) represent the values of the ratio P"IP', 
disregarding sign. This ratio, when P" is an intake of power 
by machine B (/"' negative) and P' an output of power by 
machine A (/" positive) is the efficiency, ignoring all 
except the RP loss in the circuit. 
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The variation of /*" with 4> may be shown in greater detail 1 
as follows; Draw a line ss' through 0, Fig. 125, at right angles 
to ./, as shosra in Fig. 129. Consider that if machine A runs 
momentarily faster than B or. in other words, if machine B 
runs momentarily slower than A, then the angle <^ increases, 
and the point P, Fig. 1 29, moves around the circle in the direc- 
tion of the curved arrow. So long as OQ is towards / the 
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^ = 1, 100 volts. X = 1. 00 ohm. 
5= 1,000 volts. «£, =0.58 ohm. 
Re- 126. 
ue of P" is positive and machine B gives out power ; when 
point P, Fig. 1 29, is at s or s', however, the value of OQ 
zero and machine B neither gives out nor takes in power ; 
d when the point P is anywhere in the region sMs' the value 
OQ is negative, and machine B takes in power. This re- 
n in which Og, Fig. 129, is negative is the region in which 

is negative in Figs. 127 and 128. 
:t is to be particulariy noted that when the value of ip is 
fly zero, that is, when the electromotive forces A and B are 
rly in phase with each other, the power output of both ma- 
nes is excessively large. Thus, in the neighborhood of 
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of ^=0° or 360° in Fig. 127, /" and P" are both positive 
and each is more than 1 500 kilowatts, although the machines to 
which Figs. 127 and 128 refer, are each of about icxD kilowatts 
rating. The excessive values of P' and P" in the neighbor- 




hood of ^ = o" or 360° is due to the fact that when ^ is zero 
each machine forms a short-circuit for the other, whereas in the 
neighborhood of ^ = 180° the two electromotive forces A and 
B oppose each other and the current is small. 

70. Necessity of exact synchronism for the operation of m 
alternator as a motor. — Suppose that machine B runs continu- 
ously a litde slower or a litUe faster than machine A, then the 
value of the angle <p will change continuously, and the pouit 
P, Figs. 125 and 126, will move steadily around the circle in 
one direction or the other. Under these condition.'; the power 
outputs P' and P" of the two machines pass repeatedly, 
through all of the values shown in Fig. 1 27, and, on the aver 
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K)th P' and P" will be positive, that is, both machines will 
1 the average give out power. 

If, however, machines A and B are in exact synchronism 
the value of ^ remains constant, and either P' or /"' may 
be negative, that is, either machine A or machine B may take 
in power steadily (motor action), according to the value of the 
angle ^. 

Therefore, if an alternator (motor) is to take power steadily 
from another alternator (generator) the two machines must run 
in exact synchronism, and it is for this reason that an alternator 
when used as a motor is called a synchronous motor. 

71. Stability of running of a synchronous motor. — The neces- 
sity of exact synchronism of running of an alternator which is to 
be used as a motor may seem to be an impracticable condition ; 
but if an alternator is once started to operate as a motor, exact 
synchronism is automatically maintained, unless the load on the 
motor becomes excessive. This stability of operation may be 
shown by the help of Fig. 1 29, remembering that any kind of a 
motor whatever, steam or electric, will show stability of running 
if a momentary decrease in its speed causes it to take more power 
from boiler or electric generator, whereas the running will be 
unstable if a momentary decrease in its speed causes it to take 
less power from boiler, or electric generator. 

Suppose that machine A is driven at constant speed by a 
governed engine or water wheel, and suppose that jnachine B is 
* synckromsm ivitk A with the point P, Fig. 12^, at any given 
tsition on the circle. If the point P is anywhere between s 
ind M a momentary decrease of speed of B will cause the point 
' to move towards M (B falling behind A in phase), and the 
lower intake of machine B will increase, and thus counteract the 
momentary decrease of speed due for example to a sudden in- 
crease of motor load on machine B. If, on the other hand, 
lachine B runs momentarily faster than A, then the point 
Fig. 129, will move away from M and towards s (B get- 
hig ahead of A in phase), and the power intake of machine B 
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will decrease and thus counteract the momentary increase of 
speed due for example to a sudden decrease of motor load on 
machine B. That is to say, the region between s and M is 
the region of stable running of machine 5 as a synchronous 
motor. 

The region between M and s' , Fig. 129, is a region of unstable 
running, for, when the point P is in this region, a momentary 
decrease of speed of machine B, due for example to a sudden 
increase of its motor load, causes machine B to take in a decreased 
amount of power so that the decrease of speed will not only persist 
but it will become more and more pronounced until the point P, 
Fig, 129 is carried beyond s' ; then machine B not only has a 
belt load as a motor but it actually gives out power as a generator, 
so that its speed will fall very rapidly indeed and carry the point 
P round and round the circle until the momentum of the rotating 
armature of machine B is exhausted and the machine comes to a 
dead stop. 

If machine B is operating steadily with the point P in the 
stable region sM, then any increase of load which carries the 
point P beyond M will cause the machine to come to a dead 
stop as above described. 

From Fig, 1 29 it is evident that there are two positions of die 
point P for a given value of motor intake, one posidon is in the 
region sAf of stable running and. the other position is in the region 
Ms" of unstable running. The position for stable running has 
the smaller value of E and therefore the smaller value of /, 

If machine B is operating steadily with the point P in the 
stable region sM, then if the motor load on B were reduced to 
zero, the speed of B would be momentarily increased and the 
point P would move to s. When P is at s, Os is the resultant 
electromotive force £, the current vector /, which is d° behind 
£ in phase, is vertically upwards, the angle (BI) is 90°, and P" 
is zero according to equation {iv) Art. 68. 

72. Hunting action of the synchronous motor. — When the load 
on a synchronous motor is suddenly increased, the motor speed 



decreases momentarily and the motor falls behind the generator 
in phase. By the time the motor has fallen beliind the generator 
sufficiently to take in power enough to enable it to carry its load. 
its speed has become a minimum because up to this instant it has 
been taking less than enough power to carrj- its load. Therefore 
the motor continues to fall behind tlie generator, taking in more 
than enough power to carry its load, and this excess of power 
quickly brings the motor up to the generator speed. At this 
instant the motor is ferthest behind tlie generator in phase because 
up to this instant its speed has been less than the speed of the 
generator. Then, the motor as it continues to take in an excess 
of power begins to exceed the generator in speed and gains on 
the generator until it takes in less than enough power to carry 
its load, when its speed again falls below that of generator and 
so on. This oscillation of a synchronous motor backwards and 
forwards through a certain mean position is called limiting and it 
is similar to the hunting of a badly governed steam engine. 

The hunting oscillations of a synchronous motor are always 
accompanied by oscillations of the driving generator, the motor 
and generator oscillations being of the same rhythm and related 
to each other like the oscillations of the two prongs of a tuning 
fork. 

The hunting of a synchronous motor {or rotary converter) is 
often very troublesome, making it impossible to operate the 
motor even with a fairly light load, on account of the carrying of 
the point P, Fig. 129, so far into the region Ms' of unstable run- 
ning that it cannot return (motor intake being less than motor 
load), but goes on beyond s' , and the motor comes to a dead stop 
as described in Art. 7 1 . 

In general the hunting oscillations of a synchronous motor 
when once started tend to go on increasing in amplitude, and the 
prevention of troublesome hunting depends upon some action 
which tends to decrease the amplitude of the oscillations. Two 
such actions are available, namely, («) The use of a fly-wheel 
loosely attached to the synchronous motor shaft so as to slip as 
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the speed of the synchronous motor increases and decreases. This 
device sometimes takes the form of a hollow fly-wheel rigidly 
fixed to the motor shaft and filled with liquid, and (/') The use 
of damping frames which consist of copper bars set into the pole 
faces of the synchronous motor parallel to the armature shaft, the 
ends of these bars being short-circuited by end-bars of copper. 



Figure 130 shows the field magnet of a synchronous motor, 
or rotary converter, the pole faces of which are provided with 
copper damping frames or grids. This arrangement is seldom 
used on belted synchronous motors, it is however very frequently 
used on rotary converters and upon synchronous motors which 
are coupled to direct-current generators. The action of these 
damping frames is as follows : As the speed of a hunting ^- 
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llironous motor increases and decreases, the torque exerted on 
the armature by the field magnet increases and decreases, this 
increase and decrease of torque is accompanied by a shifting of 
the magnetic flux backwards and forwards over the pole faces, 
and this shifting flux induces current in the short-circuited bars 
of the damping frame, which current opposes the shifting of the 
flux and thereby dampens the hunting oscillations. 

A synchronous motor with a belt load is much less prone to 
hunting oscillations than a rotary converter or a synchronous 
motor directly connected to a generator, for the reason that the 
slipping of tlie belt dampens the hunting oscillations like a loose 
fly-wheel. 

When the generator which supplies current to a synchronous 
motor is driven by an engine the slight pulsations of speed of the 
engine tend to set up hunting oscillations, especially if the fre- 
quency of the hunting oscillations is the same as the frequency 
of pulsations of the engine speed. In such a case troublesome 
hunting may be avoided by increasing the moment of inertia of 
■the armature of the synchronous motor by attaching a flywheel 

it The effect of moment of inertia upon the hunting frequency 

shown in the following discussion. 

Tieorjr of Ike hunting of the synchronous metor. — When a synchronous motor is 
running 3te«dily il takes io power steadily from tlie mains and gives out power steadily 

!rhe pulsalioDS of power intake due to the allernalions of electromotive force and cur- 
tent are eitremelj rapid io comparisoo with hunting oscillations and need not he con- 
sidered, indeed tbese pulsations do not exist in case of polyphase machinea. 

The mean foiilion, at a given instant, of the armature of a synchronous motor 
which is hunting is the position it would have at that instant if it were turning at > 

lalant angular velocity. When the motor hunts its armature oscillates forwards 

1 backwards through its mean position. 

When the armature is in its mean position the power intake of the motor and its 
ttelt load (including friction losses and the like) are equal, and no unbalanced torque 

When the armatuie gets ahead of its mean positii 
load of the machine, which is assumed to be constan 
balanced retarding torque acts on the armature. 

When the armature falls behind its mean positioi 
Bod an unbalanced Hcceleraling torque acts ot 
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Let V' be the angle bctwean the mean poHlion of Ibeannature and itsBCIiuI pas- 
oil It a given instant, and let T be the nnbalanccd torque acting on the armalure at 
111 instKnt. Our problem is to find the relation between f and T, This relation, 
'hen ^ ii imall, is 

T^-b^ (i) 



t b at. 



instant. Therefore, from the laws of harmonic n 






(li) 



in which K I* the moment of inertia of the rotating part of the machine, and / is the 
[lerlod of the hunting oscillations. 

Dirivalionef iqualioH(\). — We shall derive equation (i) for a special case, 
namnl]', for the ciue in which the moments of inertia of the annatures {or rotating 
purti) of generator and synchronous motor are equal, and for the particular phase 
angle #= 180", see Figs. laS and 138. In this cas=, namely, when ^ = 180°, a small 
chmge of P* is accompanied by an equal and opposite change of P", so that equal 
unbalanced torques act at each instant on the armatures of machines A and B, and 
their moments of inertia being equal the ranges of the oscillations of the armatures of 
tioth machines are equal. That is, the armature of machine .4 is as much ahead 
of tti mean position at each instant as the armature of machine B is behind its mean 
poiition at the same instant and vice versa. Therefore the change of the phase angle 
f li equal to af'l', 2^ being the angular displacement of one armature referred to the 
other and / being the number of pairs of 6eld magnet poles in each machine. 

DitTerentiating equation (15) with respect to % writing afiij/ for df, and after 
the diflerentiation is performed, putting # ^ 180°, we have 



Now lif" equals iirn T where n is the speed of the machine and 7* ii Uie 
unbalanced torque. Therefore 



The value of b, equal 



n (i), is therefore 



value of * in equation (ii) and solving for /' 
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73. Startiiig of the synchronous motor. — Let the machine A 
which is to operate as a generator be running with its field fully 
excited ; then to put the machine B into operation as a syn- 
chronous motor it has to be driven by some independent source 
of power, its field has to be properly excited, and its speed has 
to be carefully adjusted until {a) il is exactly in synchronism tvith 
■Mne A, andip) its electromotive force is nearly opposite in 
to the electromotive force of A ; and when these two condi- 
ins are reaUzed the circuit of the two machines A and B may 
dosed, and the independent source of power which was used 
start B may be disconnected. 

In bringing about the two conditions (a) and {b') previous to 
the closbg of the circuit of the two machines, it is necessary to 
use some sort of a device for indicating when the two machines 
are in synchronism and for indicating their phase relation. Such 
a device is called a synchronizing device or a synchronizer. 

The simplest synchronizer is an ordinary incandescent lamp 
connected in the circuit of the two machines as shown in Fig. 131. 



This lamp pulsates in brightness as machine B is speeded up, 
and the pulsations of brightness become slower and slower as 
the frequency of B approaches the frequency of A. When the 
lamp is at its maximum of brightness the phase difference ^ of 
A and B, see Fig. 125, is zero, and when the lamp is at its 
minimum of brightness the phase difference of A and B 
180*. When the pulsations of brightness become very slow the 
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machines A and Jl are practically in synchronism [conditioD 
(a)] and the switch s. Fig, 1 31, is closed when the lamp is at its 
minimum of brightness [condition (i^)]. 

In practice the voltages of machines A and B are much lot 
large to permit of the use of a lamp as shown in Fig. 131, and 
two step-down transformers T and T' are used as shown ii ' 
^'ig- 132. the lamp / being connected in circuit with the twO 




secondary coils of the two transformers. With this arrangement 
the connections of one of the transformers may be reversed so 
that the lamp may be at its maximum brightness when the elec- 
tromotive forces of machines A and B are opposed, that is 
when condition {p) is right for closing the double-pole switch s^. 
The dial synchroniser is a device in which a pointer is caused 
to rotate at a speed which is equal to the difference of the fre- 
quencies of machines A and B, Fig. 132. The dial synchro- 
nizer is now extensively used and one form of tliis synchro- 
nizer is described in Chapter XVI. The dial indicates approxi- 
mate synchronism (condition fl) by slowness of speed of the 
pointer, and it indicates the proper phase relation (condition *) 
by the position of the pointer on the dial. The chief advantage 
of the dial synchronizer is that it shows whether the speed of 
machine B is too great or too small, whereas the sychronizii^ 
lamp behaves in exactly the same way whether the speed of 
machine B be too great or too small. 
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74. The polyphase synchronous motor. — The foregoing articles 
^nd also the remainder of this chapter) refer explicitly to the 
ingle-phase synchronous motor, that is to a single-phase alter- 
lator taking power as a motor from a single-phase generator, 
rhe entire discussion applies equally well, however, to the poly- 
>e synchronous motor, that is, to a polyphase alternator tak- 
ing power as a motor from a polyphase generator. In such a case 
each armature winding of the motor takes current from one arma- 
I ture winding of the generator and the total power intake is nP", 
I where P' is the intake of each armature winding or phase and 
ft is the number of phases. To apply any portion of the dis- 
1 cussion given in this chapter to a polyphase synchronous motor 
\ it is only necessary to remember that the quantities A, B, R, 
* JC, P*, P", E, and / refer to one phase only of the system. 
The single-phase synchronous motor "will run in either direc- 
tion, but the polyphase synchronous motor with given connections 
to the polyphase supply mains will run in a certain direction only. 
75, The rotary converter. — The rotary converter, or, as it is 
frequently called.the .synchronous converter, is described in the 
next chapter. This machine, as ordinarily used, is at once a 
synchronous alternating-current motor and a direct-current gen- 
t erator, it is usually polyphase, and it exhibits all of the features 
of the synchronous motor as to stability of running, as to hunting, 
and as to starting. The next chapter is devoted chiefly to those 
aspects of the rotary converter in which it differs from a synchro- 
nous motor developing mechanical power, such, for example, as 
the relation between its voltages, its armature reaction, and its 
armature heating. 

178. The over-excited synchronous motor. — A synchronous 
motor of which the electromotive force (effective) is greater than 
the electromotive force of the generator or supply mains from 
which it takes current is called an over-excited synchronous motor. 
In all of the foregomg discussion the machine B which acts as a 
synchronous motor is supposed to have a smaller voltage than 
the machine A which acts as the generator. It is, evident, how- 
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ever, from Figs. 127 and 128 that the higher voltage ma< 
can operate as a motor and take power from the lower volt 
machine acting as a generator, and two things concerning 
motor action of the higher voltage machine are at once . 
from Figs. 127 and 128, namely, (a) The larger voltage 
cannot take in as a motor as much power as the lowe: 
machine, and (i) the RI' loss in the circuit is very large 
the higher voltage machine acts as a motor. It is therefore 
desirable to operate as*a synchronous motor an alternator 
has a voltage higher than the generator or supply mains frt 
which it takes current, except when the above mentioned disad- 
vantages are off-set by an advantage depending on the following 
peculiarity. 

An over-excited synchronous motor takes from its source of 
supply a current which is ahead of the supply voltage in phase, 
that is to say, an over -excited synchronous motor acts like a con- 
denser; and inasmuch as the reactance (i /(•>€) of a condenser 
is considered as a negative reactance, so also an over-excited 
synchronous motor is equivalent to a negative reactance. The 
possible use of a condenser {or of an over-excited synchronous 
motor) for supplying the wattless current taken by an induc- 
tive receiving circuit is discussed in Art. 40, and in fact the 
over-excited synchronous motor is sometimes used for this pur- 
pose. In this connection it is important not to confuse the in- 
ductive reactance wZ of the synchronous motor armature, which 
is what is represented by the letter X* in this chapter, with what 
is called the negative reactance of the over-excited machine in 
operation. The negative reactance of a condenser circuit is equal 
to the wattless component of the impressed voltage divided by 

•Tbe letter X in ihis chapter represents the value of uZ, where L is the telin 
inductance of the circuit including machines A and B. IF a synchronous motorii 
operated Siom supply mains and i/ j4 rrprtstnts the voltage across the suffly mthu 
then there is no need to consider anything back of the point to which A refers Al 
of the discussion of this chapter applies to this case if R is taken as the resisluwcri i 
the synchronous motor and its conn-ecting wires, and if X is taken as u time» 
inductance of the synchronous motor armature and its connecting 




^the current, and the negative reactance of an over-excited synchro- 
nous motor in operation is equal to the wattless component of the 
supply voltage divided by the current flowing through the machine. 

^ Thus, Fig. 133 is a clock diagram exactly similar to Fig. 129 



\ 



..--A 




/ 



FlE. 133. 

except that the motor voltage B is greater than the supply voltage 
A, and the point P is shown in the position corresponding to 
zero motor load. The resultant voltage E and the current / 
are shown, and it may be seen that / is far ahead of the supply 
voltage A in phase. The negative reactance of the machine is 
equal to the component of A at right angles to / divided by 
the value of /. 

77. The operation of altemating-current generators in parallel. — 
Consider an alternator A, Fig. 134, driven by an engine and 
delivering current to a receiving circuit, and consider what must 
be done to start up another alternator B and connect it in 
parallel with A so that the receiving circuit may be supplied 
from both generators. The procedure is exactly the satne as would 
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bt fMffWtd in getting machiiu B into operation ai a syncirtmti 
motor. Machine A being in operatinn, maduac B 
up by starting its driving engine, its Geld is exdtcd. and its spat 
is adjtMtcd tintil the a^Tichronizing lamp shows (i) that B is 
jiynGhroniiin with A and (2) that the electromotive force of 
is opposite (opposite, that is, with reference to the drcutt 
by the two machines) to the electromotive force of A. and 
the doub!e-poIe switch s^ is closed. If machine 5 is t 
operated as a synchronous motor its voltage should be sotnewhid 




leas than the voltage of A, but if 5 is to be operated as 
generator in parallel with A its voltj^e should be nearly tl 
same as the voltage of A. 

A number of alternating -current generators operating I 
parallel must run at absolutely the same speed, or rather, : 
absolutely the sainc frequency, and the possibility of operating a 
number of alternating-current generators in parallel depends 
u]>on the fact that when one generator runs momentarily slower 
than the others its consequent change of phase relative to 
other machines causes its share of the station load to be greatl] 
reduced thus counteracting its tendency to run at a reduced speed' 

The necessity of absolute equality of speed of a number of 
alternating- current generators operating in parallel makes it 
impossible for the governors of the several engines to operate 
independently of each other, inasmuch as the independent opera- 
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n of the governors requires the speed of each engine to vary 

'h its load. 

Shatliig of load batwKO tiro Migine-drlTeii atternating-CQiTent gtiiAraton 

Kiting in paxallal. {") When bhi ingine only is guverntd, Ihe other engine 
ng set at a fixed cut-off. — In this case the power output of Ihe alternator which is 
ivea by Ihe engiae with the fixed col-ofl' is constant, and the variations of the power 
tput of Ihe station are met by the governed engine. If the station output falls 
low the constant output of the alternator which is driven by the fined cul-off engine, 
e other alternator lakes in power as a synchronoos motor, It may even tal(e in 
ongh power to drive its engine ; aod if the station output falls loo low the tiied cut- 
itagine may cause the entire system to race. This arrangement is seldom used in 

\h) When bulk engints are gevtmed Ihe distribulion of load between them is 
pra.iniately as follows: Let a be the zcro-load-speed-of engine A, and let li 
■the lero-load -speed of engine S. Let s be Ihe common speed of both engines 
leo they are driving the two aherofltors. Let P' be the power delivered by engine 

to its alleruBtor, and P" the power delivered by engine B lo Its atteTnotor. 
icn, approximately : 

^ '•-"("->) (1) 

^ = «(*-j) (B) 

These equatioas are bused on the assumption that the speed of a governed engitie 
Is off in proportion to ilsoulput. The quantity m is obtained by dividing the full- 
id output of engine A by its full-load drop in speed. The quantity a is found by 
'iding the full-load output of engine B by ils full-load drop in speed. 
The total station output determines the combioed output /»' + /*' of the two 
^nes, and equations (i) and (ii) determine P", P^ and s. 

The engines share the load equally only when their zeto-Ioad speeds ace eijuat and 
en their fuU-luixd drop in speed is Ihe same. 

78. Tbe efficiency of ttansmiaalon of poweibymeaDSofaoaltemating-cnn'Biit 
leratoi andasyncbronouimotor, — The ratio P"jP' of the motor intake to the 
lerator output is called the efficienty of Iransmissuin. This is not Ihe net efficiency 
the system inasmuch as power consumed in iield excitation of the two machines 
I power lost by friction and by eddy cnirents and hysteresis are not considered, 
e conditions necessary for maximum efficiency of transmission depend upon which 
the quantities A, B, X, R and P" are open lo choice or capable of adjustment, 
e quantities X and R are ordinarily fixed in value, while A and B may be 
inged more or less by varying the field cidtation of Ihe respective machines, and 
' may be changed by varying the load on the motor, 

I. When Ihe electmmBlive font A of ike g/neriUing alternator is adjustable, 
ximuni efficiency is obtained when the current (and also RI^) isaminimumj 
aes of B, .V, R and F" being given. This minimum current is obtained when 
is adjusted until B and I are opposite to each other in phase, 
/"roo/— The motor inlake is P" = SIcos {B/), accordinglo equation (iv), Art. 
Therefore, since /" and B are given, Ihe minimum value of / c 
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{Siy. Bnt tbe ninwuim (negidm) vmhie of oos ( 
vahK of the mnffkt {SI) h iSo^. 
e of ^ -irlndi will bring S and / opposite to each < 
vahn of ^, j; JPamd /*% oonsider Fig. 135, in wfaic 
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repRsents the aurcnt, and £ the resaltant dectromodve force of machines A 
S, From lius figure ve hare 

from vhidi A may be calculated wben / is known. The value of / may be 
tennined from the equation F^=:BIaa& {Bf), 

2. li'kfm the eltctrowuftive ftrte B of the symchrMums wtctor is adjustablff m 
mom efficiency is obtained when the cmrcnt (and also BH) is a minimum ; value 
At X^ B and T"' being giren. This minimom cmrcnt is obtained when B is 
josted until A and / are in phase with eadi other. The proof of thb proposi 
b giren below. 

To calculate the value of B which will bring A and / into phase with e 
other for the giren values <)£ A, X, B and /"', consider F^. 136, in which A i 




Fig. 136. 

resents the value of the electrcHDotive force of machine A, and £ represents 
resultant electromotive force of machines A and B, From this figure we have 

from which B may be calculated when / is known. The value of / m», be < 

culated from the relation 

AIcos(A/) = I^-\-B/* 

Proof that I is a minimum when B is adjusted until A and I are in phase i 
each other ; A, X, R and P^ heing given, — Plot the curve of which the c 
nates represent values of (AY) and the abscissas represent values of [^oos (^j 



THE SYNCHRONOUS MOTOR. 



163 



Tiis curve is a hyperbola inasmuch as B cos (BI) \ 1= P^, or Bcos{BI) 
< XI = Xf = a constant. This curve is plotted in Fig. 137 with the values of B cos 
BI) laid ofT to the left inasmuch as /*^, being an intake, is negative. The jr-azis of 
eference OI, represents the current in the circuit ; and the line OE, making with 




^J the known angle 0, but of unknown length, represents the resultant electro- 
•"wtive force of machines A and B, 

Draw a horizontal line cutting OE in p and cutting the hyperbola in q. Then, 
•W that particular value of the current which corresponds to the chosen ordinate aq 
[^Xl) the line Op represents the actual resultant electromotive force inasmuch as 
^ vertical component of E is equal to XL Describe about the point / a circle 
of which the radius represents A, Then the lines Or and Os represent the two 
possible values of B for the chosen value of XI. From this diagram it is evident 
™*t for the shortest possible value of Op (smallest possible current) the circle 
o^bed about p just touches the ordinate aq^ in which case the line A is hori. 
*>ntal and parallel to 01, as shown in Fig. 138. For any shorter value of Op 
(smaller value of E or I) the circle does not reach to the ordinate aq, which means 
">at for so small a value of the current the given value of A is too small to supply the 
fine losses BI* and the given motor intake /*''. 

3. fVAen P^' is adjustable^ maximum efficiency occurs when the differential coeffi- 
dent of F'^jF^ with respect to is zero. From equations (15) and (16) we have 

B^^ _ AB cos (4> — 6) +B^cosd 
I^~ AB cos (0 4- d) + ^2 cos e 

whence, applying the condition 



i64 
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Fig. 138. 




Hg. 139. 
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(?) 



= o 



jt*m{f — e)'-B'wi if -\-e)=zABmB (I) 

'which determines the value of f tor which the efficiency of transmission is a maximum. 

Geometrical construction of equation (i). — Draw lines. Fig. 139, representing 

A^ and B^ to scale, the angle between them being 20, About the point / as a 

center describe a circle of which the radius represents 2AB sin 0, From the point 

q draw a tangent to this circle. The angle between the line OS and this tangent 

is the required value of 0. Two tangents can be drawn fix>m the point ^. One of 

these tangents determines the value of (less than 180°) for which the efficiency of 

transmission is a maximum with machine A acting as a synchronous motor, and the 

other tangent determines the value of f (greater than 180°) for which the efficiency 

of transmission is a maximum with machine B acting as a S3mchronous motor. The 

machine A is distinguished as having the greater electromotive force. The angle f 

is the lag of B behind A. 

79. Value of B to giTe nuudmam intake of machine B with giren car- 
rent; Af X and R being given. Let 7, Fig. 140, be the given current and 
£■( = IVJ^ + ^*) t^c resultant electromotive force. In order that the intake of 
B may be a maximum, B/ cos (BI) or Bcos{B/) must be a maximum. Now 
Bcos(B/) is the projection of B on the current line Of, Describe a circle of 
radius A about the point P, Fig. 140 ; then Ox is the greatest possible value of 



«^co8 (BI) for the given current, and OC is the required value of B, From the 
triangle OPC we have as the required value of B 



B= \/ A* -[-£' — 2A£cosd 



Remark, — From Fig. 140 it is evident that A is in phase with / when B is 
adjusted to give maximnm P^^ with given /. It was shown in Article 78 that A 
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is also in phase with / when B is adjusted to give minimum / with given P^ (or 
with given /^^). This correspondence is by no means self-evident. 

80. Maximnm intake of machine B\ A, B, X and R being given, — P^^ 
has its maximum negative value when cos (0 — 6^) = — i, and equation ( 15 ) becomes 

^,_ = ^?!^£^_^ (i) 

Vb^ + x^ 



Fig. 141. 

Figure 141 shows the state of affairs when intake of ^ (= OQ) is at its greatest 

81. Greatest value of the electromotiTe force B for which machine B cm 
act as a motor; A^ X and R being given, — So long as 

AB 



Vr^ + X^ 

is greater than 

B^ P 

— 'COSff 

l/i?» + X^ 
then F^^ can have negative values according to equation (15). Therefore the lim- 
iting case is where 

AB B^ f. 

— =:r^= = • COS U 

VR^ -I- X^ \/R* + X* 
or 

This limiting case is shown in Fig. 142. 
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82. To find yalae of B for which the machine B may take in the greatest 
possible power from A\ A, X and R being given, — Equation (i), Art. 80, 
expresses the greatest intake of B for given values of Ay B^ X and R, It is 
required to find the value of B which will make this greatest intake a maximum. 
Thb value of B must render ^*cos^ — AB [the numerator of right-hand member 
of equation (i), Art. 80], a maximum. Differentiating this expression with respect 
to B and placing the differential coefficient equal to zero we have 

2-5 cos ^ — -<4 = o 
or 

B = -— (i) 

2cos^ ^ ' 

Remark, — A comparison of equations (i), Art. 81 and (i) of this article shows 
that the value of B for greatest possible intake of machine B is half the greatest 
value of B for which machine B can act as a motor at all. This is also the case 
with a direct- current motor. The greatest electromotive force such a motor can have 
is the electromotive force of the dynamo which drives it, and the value of its electro- 
motive force to permit the greatest possible intake is one-half the electromotive force 
of the dynamo which drives it. 

' 83. Excitation characteristics. — With given load on a synchronous motor (given 
value of P^^) its electromotive force B may be changed by varying its field exci- 
tation, and for each value of B there is a definite value of the current /. Thus tK* 
abscissas of the curves, Fig. 143, represent values of /, and ordinates r' 
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vuluFS of B for loads of lera, ic 
curves nre cull«l the ixdialion . 
t lie valuta .^-= l.ioo volls, H- 



I kilowaIt9 and 200 kilowatts lEspecdvely. These 
\aracUriitics of the motor. Fig. 143 is based 00 
I ohm and X — 0.58 ohm. For ihe greatest po!- 
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aihl« iiiUke, 301.7 liilowalts, the characteristic reduces to the point enclosed in Itie 
imill circle, ll was iwiiited out in Art. 71 thai with given load there are two values 
of / fijf each value of B, and that the larger value of / corresponds to unstable 




«iid the smaller value to stable running. The dotted portions of Ihe a 
correspond to Ilie larger ralues of /. These dotted portion 
determined by eiperimeat, on account of Ihe instability of rum 
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Tk^ equation to the excitation characteristics may be derived as follows * Let /, 
Fig. 144, represent the current and E the resultant electromotive force ; the com- 
ponents of E are RI and XL The electromotive force E is the vector sum of 
A and j5, as shown, and the component of B parallel to / is Z*''//. From the 
right-angled triangles of the figure we have 



and 






By eliminating x from these equations we have the required relation between B 
and /; /^^, A, R and X being given. The curves, Fig. 143, were calculated 
graphically by means of the clock diagram, Fig. 125. 



CHAPTER IX. 



THE CONVERSION OF ALTERNATING CURRENT INTO 
DIRECT CURRENT. 



84. The conversion of alternating current into direct curreDt — 

It is frequently necessary to utilize in the form of direct currenl 
the power which is delivered by an alternator, or, in other words, 
to convert alternating current into direct current. Thus, if the 
field of an alternator is to be compounded, it is necessary to 
rectify tlie alternating current in the series field winding of the 
machine, as explained in Art. 2. If the power delivered by an 
alternator is to be used for charging storage batteries it must be 
used in the form of direct current. If power, which is trans- 
mitted to a distance in the form of alternating current, is to be 
used to drive direct- current motors, such as are extensively em- 
ployed in electric railway operation, it mu.st be converted from 
alternating current to direct current. This conversion from alter- 
nating current to direct current is accomplished in practice in 
four ways ; namely, (a) by the rectifying commutator, (^) by the 
motor-generator, (c) by the synchronous converter and (rf) by 
the mercury-arc rectifier. 

(a) The rectifying cotnmutator. — The ordinary direct-current 
generator is essentially an alternator with a commutator a 
to properly reverse tlie connections between the armature wina 
ings and the receiving circuit so that, although the current inf 
given armature conductor is an alternating current, the currel 
in the receiving circuit is always in one direction. The com 
tator of a direct-current generator, however, reverses the conr 
tions of successive .small portions of the armature windings, ■ 
whereas the rectifying commutator, strictly so-called, which is ' 
described in Art. 2, reverses the connections of the armature | 
winding of an alternator as a whole. The rectifying commutator 



CONVERSION OF ALTERNATING CURRENT. 



171 



is not suited to heavy service, that is to say, it cannot rectify a 
large alternating current at a moderately high voltage because of 
its excessive tendency to spark. 

[d) The molor-generalor. — Fig. 145 shows a 500 kilowatt 
compound wound direct-current generator directly coupled to a 
three-phase synchronous motor with a small dircct-ciirrcjit ex- 







■X on one end of the main shaft, and a small induction starting- 

r on the other end of the main shaft. The synchronous 

r takes power from a three-phase alternating- current supply, 

*i drives the direct -current generator which delivers direct cur- 

Generally the field excitation of the synchronous motor is 

[{ilied from the main direct-current generator without the use I 

1 small auxiliary exciter ; and whenever direct current is ' 



1/2 
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available for starting, the machine is brought up to speed by 
operating the main direct-current generator as a motor, in which 
case the small induction motor is not required for starting. 

(c) The synchronous converter. — The device which is most fre- 
quently used for converting alternating current into direct cur- 
rent is the synchronous converter, which is described in Art. 85. 
(1/) The mercury-arc rectifier* consists essentially of a highly 
exhausted glass bulb, Fig. 
146, with two iron or graphite 
electrodes connecting to ter- 
minals AA, and the mercury- 
pool electrode connecting to 
terminal B. The terminal C 
connects to an auxiliary pool 
of mercury very near to the 
pool which connects with ter- | 
minal B. The arrangement 
of the mercury-arc rectifier is 1 
shown in Fig, 147, in which j 
/ represents a storage bat-i 
tcry which is being chai^ 
The full-line arrows represa 
the flow of current duril 
' * " "■ one half of a cycle, and t 

¥\z \Ab. 

dotted arrows represent I 
flow of current during the other half of a cycle, A s 
shake of the bulb causes the mercury to bridge over I 
B to C, and the current starts to flow, making the 1 
cury pool B a cathode. Then current can flow readily t 
either of the terminals A or A' to B, but it cannot flow <^ 




' by C. P. StebmeW, TraHSaeliem ifM 

2, pages 710 lo 730, Si. Louis, igo*! 1 
" by C. I'. StemmeU, TroHsacliatts (f 4 
American iHstilule of EUdrital Engittetn, Vol. 24, pBges37i 10393, '905!" 
paper by P. D. Wagoner, read before the NaSiimal EUclric Light ^ 
Denver, Colo., in June, 1905. 



•See a paper on "The Eieclric Arc, 
InUmational Electrical Congtesi, Voi. 
■ paper on "Tbe Mercury Arc Reclifier, 
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L AC '-ppiy J 

I JWm/WMA — ' 



tube at either of the electrodes A or A', that is to say, 
vo electrodes A and A' act like \'alves. Two inductance 
ance) coils, £ and F are inserted as shown in the figure. 
;ffect of these coils 
follows ; Consider 
ow of current rep- 
ted by the full-line 
s. This current 
s through coil E. 
Jiis half- wave of 
ating current dies 
, the momentum of ^ 
urrent in the in- ] 
nee coil £ causes 
Lirrent to continue 
culate in the short 
t/J£/('^,andthus 
ain an outflowing 
nt at B until the 
X wave of alter- 
r current begins to 
nto the tube at A'. 

continued opera - 

af the rectifier re- 

4 that the outflow- 

irrent at B never 

lie zero. 

mparison of methods {U) and (r). — The motor-generator ana 

^nchronous converter are the only devices which are avail- 

for heavy service in the conversion of alternating current 

direct current.* The synchronous converter has a higher 

le practical possibilities of the metcuiy-Krc reetilier are not a» yel fully 
ibed. At tlie present time this tectifjret is built in sizes large enough to deliver 
«■ forty amperes of direct carrent with a loss of about 14 volts in the raercury ai 
-rcuiy-arc rectifier is suitable for any voltage up to 10,000 volts 01 




■curyarc.^ 
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efficiency than the motor-generator and its cost is very much less,, 
but there is a nearly fixed relation between the eflective value of 
the voltage of the alternating-current supplied to the synchror 
converter and the steady voltage of the direct current delivered 
by the machine, so that the voltage of the direct-current side of 
the machine cannot be changed through a wide range without 
changing the effective voltage of the alternating- current supply. 
See Art. 90. The motor-generator, on the other hand, is very 
flexible in this respect, the voltage of the direct- current generator 
can be varied independently of the voltage of the alternating- cur- 
rent supply by varying the field excitation of the generator. 

85. The synchronous convertei. — Consider two opposite com- 
mutator bars on an ordinary two-pole direct-current dynamo, 
The electromotive force between these two bars alternates as the 
armature rotates, and if these two commutator bars are connected 
to two collector rings the direct- current dynamo may be used to 
deliver alternating current ; the machine becomes an alternator 
and, its commutator being undisturbed, it remains a direct-current 
dynamo. Such a machine may be belt driven and deliver direct 
current, or alternating current or both ; it may be driven as 
direct-current motor and deliver mechanical power, or alternating; 
current, or both ; or it may be driven as a synchronous alter- 
nating-current motor and deliver mechanical power, or direct 
current or both. The most important use of such a machine is' 
to convert alternating current into direct current, for which pur- 
pose it is driven as a synchronous alternating-current motor and 
loaded by delivering direct current ; and the machine is called a, 
synchronous converter * when used in this way. 

Single-phase and polyphase synchronous cowvcrters. — The ma^^ 
chine above described, having two col lector- rings, is called a two- 
ring or single-phase converter. The three-ring or three-phase 
converter has three collector rings connected to three commutatoi 
bars 1 20° apart (on a two-pole macliine), the four-ring, or so-called 



t 



Also often called a ri^ary rottverler. 
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two-phase converter, has four collector rings conneded to four 
commutator bars 90" apart (on a two-pole machine) and so on. 
In the case of a multipolar machine the n collector rings of an 
N-ring converter are connected as follows : Ring No. i is connected 
to all the commutator 
bars * which for a given 
position of the arma- 
ture lie midway under 
the north poles of the 
field magnet Let / 
be the distance between 
adjacent commutator 
bars of this first set. 
Then ring No. 2 is con- 
nected to all commuta- 
tor bars i/wth of / 
ahead of the first set ; 
ring No, 3 is connected 
to all commutator bars "^' 

3/*rths of / ahead of the first set ; and so on. Thus Fig. 148 
shows a four-pole two-ring converter, each ring being connected 
to two commutator bars. 

86. The internal actions of a synchronous converter. — In its 

relation to the alternating-current supply a synchronous converter 
is like a synchronous motor, and in its relation to the direct-current 
receiving circuit a synchronous converter is like a direct- current 
generator ; but in regard to (a) the actual motor and generator 
actions in the machine, ib) the magnetizing action of the armature 
current, and (r) the heating effect of the armature current, the 
machine is essentially unlike a synchronous motor and essentially 
unlike a direct-current generator. 

* This slalement applies to that type of armalure winding which i^ called the sim- 
plei lap winding. In the simplex wave winding each collector ring is connected to 
but one commulotor bar whatever the number of field magnet poles may be. The 
molliplei winding is not well adapted to the synchronous converter. 
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The details of motor and generator action are of little practical 
importance and they are described in the following paragraphs of 
this article, but the magnetizing action and heating effects of the 
armnturc current are important, inasmuch as they determine the 
)H)wcr rating of the machine. I 



ruflii-H in Ihe !)tickret»ou! coHVi 
\l biusliei af a synchronous convei 



"— Let a and b. Fig. 
converter. Lei the nf galivc bnu£i 
i be chosen hs the zero at rcTa- 
cnce point of potential so Ihal IIk 
electromotive force between i 
and any other given point maybt 
spoken of aa the poteoli 
given point. 

Let the half-circle 
one side of the armatuir 
r be the posilioo at a ; 
stant of the point of al 
of one of the collector ringi. 
the given instant a deRnite < 
i is entering tbe annatuie ll 
ftoni the alternator, which is 1 
ing the convetler ; this carrenl- 
entering at a potential wl 
less than the potential of the 
.1, a portion B of the c 
.■ flows down hill (again. 
the windings, which electromotive force is 
tented hj ibe fine line arrow) to brxisb i and delivers power to the portii 
the MTUialurv In Ibo fbnu of motor action, and the remainder A of the 
Fte*» up hill {VHlIt the indoccd electromotive force) to brush a and receii 
hactt the ))Mlion fw of the aniiatute In the form of generator action. Thai is 
■I each initanl certain |xirtiuiu uf the armature of a synchtonoos converter have 1 
actloik and develop (oii)ue in the direction of the motioa of the armature, and 
portions of the armature hare generator action and develop lOTi^ue tending' 
the moliiHi of the armature. In the two-ring t-onverler tbe motor action 
gTe«lly cicecds the geDcrator action, at other times the generator actio 
eic^eils the RWtor aclioo, and the anuatute b altcnulely accelerated and 
This must be ao because the single-phue aUemating current delivers power 
ring converter in pulses. In a pol]rpha» conierter, howeter, the motor 
at all limes very nesrty equal to the generator action, beii^ just emogh k 1 
supply the mechanical and magnetic friction losses in the motor. 

* See a paper on "TbeeitersT translbnnationsmthe^iidnwKNBaiaieneT," bf W. 
S. Fninkltn, 7>wn. Am. Ital. Elt.. Eng., Vol, 32, pages 17-J3. 'QOJ- 
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87. The starting of the synchronous converter.* — Synchronous 
converters are often used in sets, one or more of the machines 
being always in operation. When this is the case a converter not 
in use may be started as a direct -current motor, taking direct cur- 
rent from the other machines, and its speed may be adjusted until 
it is in exact synchronism with tlie alternating-current supply by 
which it is to be driven, and then, when its alternating electromo- 
tive force is opposite in phase to the supply voltage, the alternat- 
ing current switches may be closed. The procedure is exactly 
the same as the starting of a synchronous motor as described in 
Art 73 and tlie same synchronizing devices are used. 

When direct current is not available for starting a converter, 
an induction motor is generally used to bring the machine up to 
speed. Any polyphase alternator however contains the essential 
features of an induction motor, and therefore a polyphase alter- 
nator or synchronous converter can be started by its own induc- 
tion motor action. In some cases this method of starting is em- 
ployed. See Art, 132. 

88. The operation of the eynchronous converter, — Not only in 
the matter of starting but also in certain matters of operation the 
synchronous converter is like a synchronous motor. Consider, 
for example, a four-ring converter. Such a converter is often 
called a two-phase converter because it is supplied with two alter- 
nating currents 90° apart in phase, each alternating current being 
delivered to a pair of opposite collector rings, that is, to collector 
rings which are connected to opposite points on the armature of 
a two-pole machine. Let B be the effective value of the total 
induced electromotive force between opposite collector rings, R 
the resistance of the armature between opposite collector rings, 
£ the inductance of the armature between opposite collector rings 
plus any outside inductance that may be connected in series in 
each alternating- current circuit between the supply mains and 
the machine, and let A be the effective value of the supply volt- 
age (each phase) and 01/2^ the frequency. 

•See a aeries of short prncliral papers on ihis subject by A. Wagner, Electric 
Jemmal, Vol. II, pages 436. 494 and S7*. 'QOS- ^J 

£3 ^^^^^a^^^^^^ 
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Lay off the line OC, Fig. 150, to represent B, describe a 
circle about C of which the radius represents the value of A, 
draw the line cf making with OC the angle whose tangent is 
taLjR, and draw the line sOs' perpendicular to ef. Let us 
suppose for the sake of simplicity that the efficiency of the con- 
verter is 100 per cent, so that the intake of power may be con- 
sidered equal to the output. The figure shows the phase rela- 
tion between A and B (each phase) for a direct-current load 
equal to 3 times OQ times BjVK^ -|- k?D watts, where OQ is 
expressed in volts (of course all lengths in Fig. 150 represent 



,^f 





volts). This relation is explained in Art. 69, and the factor 2 is 
introduced because the expression given in Art. 69 gives the in- 
take of one phase only. 

If the direct-current output is decreased, the point P, Fig. 1 50, 

moves towards s causing OQ to decrease; if the direct -current 

output is increased the point P moves towards M, causing OQ 

e ; and if the direct-current output is greatly increased 
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the point P is carried beyond the point M, and the machine falls 
out of synchronism and ceases to operate. The maximum intake 
of power is 2 times Ma times BlVl^ + w'i*-* 

A synchronous motor can operate for a fairly wide range of 
values of voltage B, the supply voltage A being given, pro- 
vided there is considerable inductance in the circuit or, in case of 
a polyphase machine, in each circuit ; but this possible variation 
of B shows itself as a variation of the terminal voltage only when 
there is inductance (or resistance) between the supply mains and 
the synchronous motor. Therefore, if it is desired to control the 
voltage on the direct- current side of a synchronous converter by 
changing the field excitation, inductance (or resistance) must be 
placed in each circuit between the supply mains and the machine. 
Then a change of field excitation changes the terminal voltage of 
the machine on both sides. Inductance is always used rather 
than resistance when it is desired to control the voltage of a 
synchronous converter without changing the supply voltage. 
The hunting action of the synchronous motor is described in 
The synchronous converter is especially prone to de- 
;lop hunting oscillations as stated in Art. 72, and the methods 
• obviating this trouble are there described. 
When the synchronous converter is driven as a direct-current 
lunt) motor and loaded by delivering alternating current, it is 
lied, usually, an inverted rotary, and when so operated the 
,chine exhibits one peculiarity which should never be lost sight 
'of, namely, the machine tends to run at an excessively high speed 
when it is overloaded. This rather paradoxical behavior is due 
to the weakening of the field by the demagnetizing acdon of the 
alternating current which is taken from the machine, and, like 
,Miy shunt motor, its speed rises when its field is weakened, since 
is but httle mechanical opposition to the motion. 

hat is here said concerning the maximum intalie of power of a sjnchronous 

er and its stoppage due lo oTerload is based on the assumption that B is con- 

ts, ID fact, B may be greatly reduced by armature reaction when the 

ri the machine is excessive. In fact, a synchroooos converter can scarcely be 

d by overload. 




^L . all 
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89. Annature reaction of the synchronous converter. — Th«^ 
magnetizing action of the current in the armature of a dynamo is 
called armature reaction, and armature reaction has in general 
two distinct effects, namely, {a) It crowds the flux to one side or 
the other of the pole pieces of the field magnet, and (p) it tends 
to weaken {or strengthen} the field. The first is called distort 
and the second is called ifeniagnetising action. The armature 
reaction of a synchronous converter is generally quite small and 
therefore of but little practical importance. 

In discussing the armature reaction of a synchronous converter it is pcnaisHblelO 
consider tbat the alleraating current which is delivered to the machine and the direct 
current which is delivered by the machine each flows tl 
as if the other did not exist. 

Distortion. — The crowding of the Bux lo one side or the other of tl 
of a dynamo accompanies and is in a certain sense the laiitse of the torque with wW(i 
the field magnet acts upon the armalure. When a synchronous motor is runninj 
steadily there is only suflicient torque action to overcome mechanical aod magnelk 
friction and the distortion of the field is negligibly small. When a synchronous a 
verter hunts its speed pulsates and a very considerable torque acts upon Ihe aimUure, 
first in one direction and then in the other, and the flux is crowded lo one side and 
(ben to the other side of the pole pieces. This action is discussed in Art. 73. 

Dimagnelhing ailien. — Since lliere is no perceptible field distortion in 1 
chronous converter the axis of direct-curieol commutation is approiimHtely at rJEht 
angles to Ihe axis of the field, so that the direct currt 
ceptible demagnetizing action, positive or negative. See pages 15 1 to l6t of the En 
volume of this text. 

The demagnetizing action of (he alternating current in the armature of a synchi 
ous converter depends upon the phase difference between B and /, these letters tx 
used in the sense in which Ihcy are used in Chapter VIII. When B and / 
exactly opposite to each other in phase, that is when the angle {Bt) is equal I 
iSo", there is no perceptible demagnetizing action, positive or negative, due to tb 
alternating current in Ihe converter armature. When the angle {B}") difTers 6m 
lSo° the demagnetizing action of the alternating current in the armature is propot' 
tional (o the sine of this angle as explained in Art. 65. 

90. Electromotive force relations of the synchronous coavateT. 

There is a fairly definite relation between the value of the electm 
motive force between the direct-current brushes of a synchroni^| 
converter and the effective value of the alternating electromcti^B 
force between collector rings. The following discussion of t 
electromotive force relations is based on the assumption tlial 
alternating electromotive force of the machine is hartnoni 
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: the R! losses of voltage in the armature windings are 



Wivo-ritig converter. — In the two-ring converter the two rings 
; connected to commutator bars, one of which comes under a 
positive direct-current brush at the instant that the other comes 
under a negative direct -current brush ; at this instant the electro- 
motive force between the collector rings is at its maximum value 
and it is equal to the electromotive force between the direct- 
current brushes. Therefore the direct electromotive force E^ 
of a two-ring converter is equal to the maximum value, V^E^ 
of the harmonic alternating electromotive force between the two 

rtor rings. Therefore 

in which £j is the effective value of the alternating electro- 
motive force between the collector rings. 

Converter with ti collector rings. — Consider all of the armature 
conductors which constitute one of the paths between the two rings 
of a two-ring converter. These conductors are evenly distributed 



(i) 





over one half of the armature, and the harmonic alternating elec- 
tromotive forces which are induced in the respective conductors 
are all equal in value but they are distributed in phase throughout 
an angle of i8o° as shown by the vectors a. Fig. 151. There- 




ii/if: tijc ^frrcU\*: ^trrtwdohvt i^prc:: ectwccr. :ttte rolbador xings 
iit" *. i.wv--'rs:;^ vx*:;vrn:c ir Tnresfimcai nyiiie mamctcr. £^, Tig- 
L;;^! o tu*. jiMiv^jroi »rwL«t snas.- an smisal and paialisl to lie 
vccitfT^ x: Wii£*:t rrjjTsjsnr. tii: irasctivt vaiues oT IhiE: de ctiui iiD- 
tivt >W:x:;^ n tiK mdivioua. onuznin: roimmrtois. 

Tii^ ^icciiMiuiitivt rinvt tefesnivii idctivecr ttwc- cnllECtnr imgs 
^iir^i. aix -cvnnrmrrt. ti tie: smuann^ vrmdin{: aipQm& izio dec- 

-L^mvcric R^ i-rr>n-*r«nitet iny tiar. !iiitiTL o: Iht poh^^on. Fig^. 351, 
ii^UU'^i ^>umcllli^ ill. aiipit ir 1:21^'^ : lilt sfeaivt eiectrcnncitrve foroe 
V?^^M;?« *-vn rnf|r^ viiici. ai^ mnnesrrtirt. tt tiit annanrre -vriDdBi^ 
a* jAiini^ y. ^ji'rr.-iva ti^frr:;t;i- inxr; rian i;^ herwtten any two ad- 
^KAW ml^^ \r k. V.ur-mif rrimvtrEr. . i- Ttniresemed br rhat chord 
-vf'tiit jr,i?v^\n. ?*i^ : ;.: v'iiici. sunisiia*' ht. aTu:;it of 90 ~ ; and, 
■yc ^,vM*:^,' ZUK yntnni^'^ *ii»j'j:r:im:ii.'v* irra: benR^cen adjacent : 
.^w<g^ -/ in «^-!nrig v.n^^trTsr :i5 r-KpreRsim::: iy liar cfbord of the 
W«v;^/*.n:. J-!^'. .' :' vuiiti sinnsniif ar anpt nf ytio^ it, There- 

£, = £, 



£ IT 

£.= ^ (2) 

» 2 '' 

r 
i 

y^Li/.h 5/iy«^Ji ll*<: f<>iI^^Aing expressions for the effective values <rf 
U**: ill/ Miittin-,^ *:l<:rtromotive forces between adjacent rings of a 
• v/i.-Hhi.', :i tlir*:':-rin'^', a four-ring, and a six-ring converter in 
liHHi: oVth':':N:'-troinotivc forcc E^ between the direct- current 

/?-= ;- =0.707^0 (17) 

^ 1^3 ''• = 0.61 2£. (18) 

• 21/2 
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E 
£,= ^ =0.500^, (19) 

E 

^e= -^ == 0.354^0 (20) 

21/2 

These electromotive force relations are shown geometrically in 
Fig. 152. 

6o* 




i8o* 



Actual electromotive force relations, — The relations given in equa- 
tions (17), (18), (19) and (20) are not exactly realized in practice. 
The departure of an actual machine from these ideal ratios depends 
upon : 1st, the wave shape of the alternating electromotive force 
of supply ; 2d, the wave shape of the alternating electromotive 
force of the converter itself, which depends chiefly upon the 
percentage of the armature surface that is covered by the pole 
faces; 3d, the resistance of the armature windings which causes 
losses of voltage when the machine is loaded ; 4th, the position 
of the direct-current brushes, and 5th, the manner in which the 
machine is used, that is, whether it is used to convert from alter- 
nating to direct current or vice versa. 

When the alternating electromotive force of supply is approxi- 
mately harmonic, and the pole faces of the converter cover three- 
quarters of the armature surface, and when the direct-current 
brushes are in the neutral position the actual voltage ratios are 
approximately as follows : 
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VoLTAQK Ratios or Two-kino and TKatt-RiNG Cokvixtbss (sso-Tolt ijp«J. 





AettulRMiofiJ£t 


IdalRiUo 




ZtnLod. 




FullLud. 
(ln.Bl«l ) 


^1 


0.7 IS 

0.610 


a 72s 
0.620 


iS, 


0.7071 
0.611 



The values of £, and f^ are not included in this table inas- 
much as the alternating voltage of a four-ring converter is usui 
specified as the effective voltage between opposite rings which 
the same as A',, and tlie alternating voltage of a six -ring 
verter is usually specified either as the voltage between opj 
rings (= E.^) or the voltage between a given ring and the 
ring but one, between rings i and 3 for example (= £^. 

Voltage controi of the synchronous converter. It is evident fr 
the above table that the direct voltage £|, of a synchronous 
verter is very nearly constant if the alternating supply voltage £, 
is constant. Therefore it is not possible to alter E^ at will if £, 
is constant. If the field excitation of a synchronous converter is 
reduced, the machine takes lagging vi^^^^ss current* from the 
alternating -current supply, and tlie effect of this wattless current 
in the armature is to help the field flux and make up almost 
completely for tlie decrease of direct-current field excitation; if 
the field excitation of the machine is increased, the machiK 
takes the leading wattless current, the effect of wliich in the arm- 
ature is to oppose the field flux and counteract almost com- 
pletely the increase of direct-current field excitation. If, ho*- 
ever, an inductance is connected in the alternating-current drcuit 
outside of the machine, the lagging wattless current in tlie liiS 
instance causes a considerable drop of alternating voltage, or the 
leading wattless current in the second instance causes a consider- 
able rise of alternating voltage, and the direct voltage of the con- 
verter is decreased or increased correspondingly. To be able to 
> Tbe sUtlemeaU bere made aie worded to apply la ihe singli 
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rol the direct voltage of a synchronous converter by means 
r a field rheostat, an inductance must be connected in the alter- 
ating-current circuit.* 

The compounding of the synchronous converter. If the field 
lagnet of a synchronous converter is excited in part by a shunt 
■inding-and in part by a series winding, then an increase of 
irect-current output gives an increased field excitation, and, if 
^, is kept at a constant value, this increase of field excitation 

counteracted by a leading wattless current in the armature, 
nd £y remains sensibly unchanged in value. In order that a 
;ries field winding may produce an increase of E^^ with increase of 
irect-current output {over-compounded machine), an inductance 
lust be connected in the alternating- current circuit. 

91. Current relations of the synchronous converter. — It is evi- 
ent from the preceding article that there is a nearly fixed ratio 
etween E^ and E^ of a synchronous converter. The ratio of 
le direct-current output of a converter (7^) to the effective value 
f the alternating current entering at a collector ring (/ ) is sub- 
:ct to greater variations than the voltage rado. The voltage 
itio must be known with considerable accuracy if one is to be 
tile to design a transformer to deliver alternating current to a con- 
srter which in its turn is to deliver direct current at a specified 
oltage ; an exact knowledge of the current ratio, on the other 
and, is of no great importance. Indeed the current ratio is of 
nportance chiefly in connection with the discussion of armature 
eating, which determines the power rating of the converter, and 
'T this purpose an approximate value of the current rado is 
ifficient. 

In the discussion of the current relations of a synchronous 
inverter we shall assume (a) that the efficiency of the machine 

lOO per cent., that is, we shall assume that the intake of power 
equal to the output of power, and {H) that the alternating cur- 
nt /, flowing in the armature between two collector rings is 
* S«e Appendix B for s descriplion or the split-pole i 
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exactly opposite in phase to the alternating electromotive foi 
B that is induced in that portion of the armature winding. 

This second condition means that the synchronous converter 
is assumed to operate at unity power factor, and that the point J^ 
of the clock diagram, Fig. 
d , 1 50, is located as shown in 

j' \ „--''' Fig. 1 S3, in which B and / 

are opposite in phase, so 
■ that, the angle {BI) being 
equal to 180", the power 
intake of the machine per 
phase is equal to BI. This 
second condition can in 
general be realized, for any 
given load on the converter, 
by adjusting the field ex- 
citation of the machine until 
the alternating current in- 
take is a minimum as explained in section 2, of Art. 78. 

Current in each section of the converter armature. — Let E^ be 
the electromotive force between direct-current brushes and . 
the direct- current output of the machine. Then the power 01 
put is EJf,- Let E^ be the effective value of the indues 
electromotive force in one section of the armature betwet 
cent collector rings and / the effective value of the altematiii 
current in the same section of the armature winding, 
since E^ and /^ are assumed to be exactly opposite to e 
other in phase, the intake of power per phase is EJ^ and ll 
total intake of power is «■£,/,- Therefore, assuming ICX) p 
cent, efficiency, we have 

£■/, = «£■/, 
whence, substituting the value of E^ in terms of E^ from equ* 
tion (ii) of Art. 90 and solving for I^, we have 
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/, = --!'- = 0.707/, 

/, = o. 5oo/„ 
/j = 0.47 1 /g 



(S) 



(ii) 

(v) 

Onrntl tntiring at eaih calUclor ring. — Figure IS4 sliows the points of allach- 
ifiil of collector ringii to the nrmalure winding of a synchronous converter, Ihr I-wb 





Fig. 1S4. Re- 1S5. 

'm /„ and /,' show Ihe directions in Tahitk the currenit in the two amialure 
in'imi art csnsidcred as positive, and Iht arrmn I, skojos the positive direetion of Ihe 
•orrnu I,. From this figure It is evident that /, = /,— /„' (the vector difference 
"^mutM). Therefore, since /, and /.' differ in phase by the angle it/m, as shown 
" % 'SSi i' is evident that the value of /, is 



/.^ 



!/„sin - 



{vi| 




g the value of /, from equalioo (i) above, we have 
For a two-ring converrer 7,.^ i. 414/11 
For a thtee-ring converter /, =^0.942^^, 
K Tliis enlire article applies to the two-pole machine (nrmnlure windiiij; haling ' 
"li). In case of a Dinltipolar machine having /' current paths through Ihe 
^te, thb e<|uiktion becomes 
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For > four-ring convener l, = 0.-]a}f. 
For B six-ring coiivetter /r^o.47l/g 

92. The armature heating of the synchronous convertei, 
Synchronous converter ratinge. — Inasmuch as tlie armature ra- 
iiction tif ii synchronous converter is neghgible, the power rating 
of such ;i machine is determined by armature heating. This 
power rating is always expressed in terms of the rating the same 
machine would have if used as an engine-driven direct-current 
(;cncratvtr, and the difference in rating of a machine when used 
aa nil engine-driven direct -current generator and when used a 
synchronous converter is determined wholly by the RI^ losses 
in the armature windings, inasmuch as the eddy current and 
hysteresis loss in the armature core is the same (nearly) in the 
two cases. 

Tllc following table gives the ratings of synchronous converters 
cxprciwcti in terms of the rating of the same machine when used 
us an cnj^ne-driven direct -current generator. It will be noted, fo^ 
example, that the rating of a six-ring converter is nearly twice a) 
gi-eat as the rating of the same machine when used as an engio 
driven direct -current generator, and it must.be remembered ll 
this increased rating refers to the increase of permissible direct' 
TABLE. 





POWSh RATIMS 


OFS- 


fNCKRONOl 


-S COKVEKTERS. 


1 


Ai«cImUm> 

|«MmlM. 




At 


ltf«^Bt 


Aiironr-ring 


. 1 


i.oo 


0.85 




1.32 


1.61 


,^ 1 















current output, the voltage of the machine being fixed. Thus a 
six-ring converter rated as a 1000 ampere direct-current gen- 
erator would be rated as a 1920 ampere synchronous converter 
and this itttreasi-d lumnt rating necessitates a much larger «■ 
mutator so as to permit of a greatly increased contact stirfatt l 
hivett the direct-current brushes and the commutator. In bet 
striking feature of the sj-nchronous converter is the large soei 
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its commutator as compared with the commutator of a direct- 
current generator having the same armature and field magnet 




structure. Thus, Fig. 156 shows a 300 kilowatt, three-ring, 
synchronous converter of the General Electric Company. 

93. lostantaneouB current in « given a.niutttre condnctor of a rotary con- 
verter. — Lei r and r". Fig. 157, be the points of atlachiaent of adjacenl collecting 
rings of an Ji-riog converter, and Eel the line OAI bisect the arc ri^. Consider an 
armature conductor c between r and r', and let [he angle lOJtf be represented 
bjf a. The largest possible value of a is n/n or one half of the angle between r 

Let «/ be the angle between OM and the axis of the field. Then the alter- 
nating current between the collecting rings r- and r', that is, the a.llemating cur- 
tent in the conductor i, is at its maiimum lalue /z/, when ul = o. Therefore 
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Ihe eipm^oD for the insttntancons value of this current is /a/.coSirf. 

Whpn the conduclor i" is at brush y, ij( = (9o'' —a), when Ihe condoctor 
reaches brush *, u/^ (170° — a), and when conduclor f reaches brush ^ igul 
irf— (450° — a), and 50 on. Each lime Ihc conduclor f passes a brosh the dired 
current A/3 (discQssion applies to a 2 -pole machine) in conductor c is rerecscd. 
Therefore the total current in conduclor <- is 



.■= v'aA 




Re. 157. 

The -)- sign is to be taken between 11^^(90° — a) and u/= (270* — a), ' 
— sign is lo be taken Ijetween ut = (iJO" — o) and u(^(45ci° — a), the + s^ 
again between (450° — a) and (630° — a), and so on. The angle a delami" 
simply the phase of the alternating current in the conductor at the instant that 1 
direct current is reversed. 

The meaning of equation (i) is made more clear perhajis by the curves shown » 
Figs. 15S and 159- The upper curves in each tigure are the component cial*** 
curves ; that is, the ordinates of the square-wave curve represent that part of the 
rent in the given conductor which depends upon (he direct-current output ot ■• 
machine, and the ordinales of the sine curve represent that part of the curt 
given conductor which depends upon the alternating- current intake of ihi 
The alternating cnrrents are assumed to be exactly opposite in phase la Ihe allem>ll4; 
electromotive forces of the machine. 

94. The heating of the armature conductors ol a rotary conTerter. 
(i) Art. 93 expresses the instantaneous value of the actual current in a gi' 
conduclor of a rotary converter during the time that this conductor is passing frunii 
direct-current brush to the other i Ihat is, bomi.if = — {gcP + a) totrf={9o"— 
The current passes through a similar set of values during the next half revotntioi 
the armature. The average rate at which heat is generated in the given condudd 
proportional to Ihe average value of 1' [equation (i) Art. 93] dnring the tl 
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Component curves « = 2, a =^ o. 




Resultant curve » = 2, a ^= o. 

Fig:. 158. 




Component curves « = 2, a = 90°. 




Resultant curve » = 2, a = 90°. 

Fie. 159. 
«j/ = — (90® -f a) to w/ = (90*^ — a) . Therefore 

The average rate of gener- I^f 16 cos a 8 \ 

ating heat in the conduc- -^^ ""^i^i^Ww + n^ sin^ Ww/ (") 

tor c is proportional to : 

The rate at which heat would be generated in a given conductor by the direct 
current alone would be proportional to /o^/4) and equation (ii) shows that the con- 
ductor c has 

16 cos ct j^ 8 \ 

7r» sin 7r/» «* sin* T^\n) 



\ 
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times as much heat generated in it as woald be generated in it by the direct carrait 
alone. 

The conductors midway between the points of attachment of the collector rings 
(a ■ o) are heated least, and the conductors near the points of attadiment of die 
ct>l lector rin);s (n : :b n'/it) are heated most. For example, in a two-ring converter 
( M a ) the o.>nductors midway between the points of attachment of the collector rings 
(a o) have only 0.453 ^ much heat generated in them as would be generated in 
them by the direct current alone, and the conductors near the points c^ attachment of 
the i\>llector rin^s {a h 90^) have three times as much heat generated in them is 
wuuUI l>e geuerateil in tliem by the direct current alone. 

95. Tho arenge heating of tha entira armatura of a rotarj coiiTartar. —The 
average lieating over the entire armature is found by integrating the equation (ii) 
Art. 1)4. with res^nvt to a from a -= — tt/h to a = -f~ ^/^y <^^ dividing the lesolt 
by aT/w. This jjives: 

.Averajie heating of armature of /„•/ '^1 ^ \ #-\ 

« ring ivnverter is pn»|x>rtional to : 4\ tr* n*sin*ir/n/ 

The averaj^e heating is therefore ( i — , -j — i"""!"""/") * **™^ *^ gi"cat as tk 
heatini* of the armature by the vUrect current alone. Therefore an n-rmg converter 
can put out 



/ 16 , 8 



sin* IT /ft 

times as much ilim*t current as the same machine can when used as a simple dired- 
current generator, for the same total armature heating. The table of ratings given in 
Art. 9 J is oalculateil in this way. 

96. The use of the double-current machine as a direct-cnncit 
three-wire generator. — \Mien the s>Tichronous converter is driven 
by an online and used to deliver both alternating current and 
direct ouri\*nt. it is called a dLyuble-ciirrent generator. Such a 
machine can be used to deliver direct current to an Edison thitt- 
wire ilistributing system as mentioned on page 273 of the fifst 
Vi^hnne i^f this treatise. This use of the double-current geno 
ati^r is due to Dobrowolsky. The essential features of dii 
arrangement are shown in Fig. 160 for a two-ring machine. Hrj 
voltage between the direct-current brushes a and b is, saj- 220] 
volts, and it is desired to supply direct current to an Edison thncfr 

* CientTally less than unity. 
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wire system and maintain i lo volts (direct) between the middle 
main and each outside main. To do this the current in the 
middle main must be delivered to the armature at a potential 
midway between the potentials of the direct-current brushes. 



"T 



ismmmmJ 






I The two coils C and C represent the two similar coils of a 
tansformer so wound that the point ^ is, as it were, the middle 
; continuous winding the terminals of which, namely, A 
^d i, are connected to the two alternating-current brushes c 
d of the machine. The terminals h and i are at the 
Tie potentials as the points e and / of the armature winding 
spectively. Half of the- inflowing current in the middle main 
s down hill, as it were, through coil C to the point f and 
jelivers energy to coil C . This energy is transformed into 
C and it causes the other half of the current in the middle 
[nain to flow up-hill, as it were, through coil C to the point e. 
In ca.se the machine is engine-driven, all of the current enter- 
ing at e flows up-hill to brush a, and all of the current entering 
t / flows up-hill to the brush u, because of the electromotive 
arccs induced in the armature winding by its rotation. 



CHAPTER X. 



THE TRANSFORMER. 

97. The transformer consists of a magnetic drcuit of lamii 

iron Unking with two separate and distinct coils of wire, 
nating current is supplied to one of these coils from an altem. 
or other source, this alternating current causes rapid reversal; 
of magnetic flux through the magnetic circuit, and these reversals 
of flux induce an alternating electromotive force in the other co 




which delivers altcinating current to a receiving circuit t] 
coil to which alternating current is supplied is called tixe f^mt 
coil, the coil which delivers current to a receiving circuit is calj 
the secondary coil, and the laminated iron which forms the 
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nctic circuit is called the transformer core, although it may have 
i shape more suggestive of a shell than of a core, 

Slip-np mid step-down transform alion. — Usually one coil of a 
transformer has many more turns of wire than the other. When 
the coil of few turns is the pri- 
maiy coil, the transformer takes 
current at low electromo- 
tive force and delivers small 
current at high electromotive 
force. This is called step-up 
transformation, 

\Mien the coil of many turns 
is the primary, the transformer 
takes small current at high elec- 
tromotive force and delivers 

;e current at low electromo- 
tive force. This is called step- 
^"wii transformation. The ob- 
l^t of step-up and step-down 
fransformation is explained in p,g_ 162. 

Article 3. 

Mounting of transformers. — Transformers are usually enclosed 





^ Wetai cases, and the case is usually filled with oil ; the pur- 
pose of the oil being partly to improve the insulation of the coils 
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by impregnating the fibrous insuli 
material, and partly to facilitate co* 
by carrying the lieat from the i 
coils to the containing case, Esp 
provision must be made for cooling 
large transformers. For this put 
passage ways or ducts are left thrt 
the core and coils, and the oil circu 
through these ducts and is itself ca 
by a coil of water pipe placed in the 
nf the containing case. In some c 
fan-blow 
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tgure 161 shows a small transformer mounted on a pole, I 

K current from street mains (upper wires in the figure) at i 

\p volts, and delivering current to house mains (lower wires ] 

Se figure) at 1 10 volts. The two small cases attached to the [, 

et cross-arm and tlirough which the wires leading to the J 

Fig. 166, I 

lary coil of the transformer pass, are hollow porcelain insula- | 

hvith fusible cut-outs mounted inside. Figure 162 shows a 
P transformer with its connection board on top removed from 
Use, and Fig. 163 is a top view of the open case with the 
pbrmer in place. In this particular transformer the terminals 
■ fine wire (primary) coils, only, are attached to the connef- 
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tion board (the figure shows the two primary coils connected 
parallel with each other), and the four terminals of the twt 
secondary coils pass out of the case as shown in the lower j 
don of Fig. 163. 

The core-type transformer. — A transformer in which the t 
of wire surround a more or less elongated core of laminated 





is called a core-type transformer. Figure 1G2 shows a core-ty 
transformer of the Westinghouse Electric Company, and fiff 
164 shows the laminated iron core of this transformer. In tW 
transformer half of the primary coil and half of the seconda 
coil are wound on each leg a and b. Fig, 164, of the C0Fe,t 
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■fine wire (high voltage) coils being wound over the coarse wire 
(low voltage) coils. The core. Fig. 164, is built up of rectangu- 
lar strips of sheet iron which interleave with each other at the 
comers c c c c. 

The shell-type transformer. — A transformer in which the coils 
form an elongated structure shaped like Fig. 164, and are sur- 
punded by laminated iron, is called a shell-type transformer. 




: 165 shows the assembled windings of a small shell-type 
transformer of the Allis-Chalraers Company, and Fig. 166 shows 
the coils surrounded by the laminations. 

A somewhat clearer idea of the structure of the shell-type 

insformer may be obtained from Figs. 167, 168, 169 and 170, 

^hich represent a large shell-type transformer of the General 

Electric Company. Figure 167 shows one of the flat sections 

f the windings in the process of construction ; two such c 
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are placed side by side with a thin sheet of insulating materia 
between them, as shown in Fig. 167, they are connected together 4 
a single coil or section leaving both the terminals on the outer rim 
and wound with tape as shown in Fig. 168. A number of su(4 
sections are placed side by side, primary and secondary section^ 
alternating,* with intervening spaces for the circulation of oil c 
air for cooling, and the whole is bound together as shown in Figj 

169. This complete coil structure is then mounted on a base am 
the laminations are built up around each leg, as shown in Fiffl 

170, the inner edges of the laminations being separated from t 




coil structure by vertical strips of very tough insulating material, 
and spaces being left between the laminations at intervals, as 
shown, for the circulation of oil or air. 

Figure 171 showsalargeshell-type transJormer of the Westing- 

* This detail of construction has Ibc its object the reduction of magnetic leakage as 
explained in chapter XL 
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house Electric Company without the containing case, but with 




Large Transfotmer without Case — Showing Cover and Cooling Coils in Assembled 

Posilion. 

Fig. 171. 

the cover and the coils of water pipe for cooling shown in the 
assembled position. 
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98. The actual transfomieT and the ideal transformer. — Tb 

action of a transformer would be very simple (u) if the coils 
wire had zero resistance, (d) if there were no magnetic leakage 
that is, if all of the magnetic flux which links with one coil all 
linked with the other coil, and (r) if the magnetic reluctance i 
the iron core were zero, A transformer satisfying these contS 
tions would be called an idea/ transforyner. In an actual 
former, however, the coils always have more or less resistance 
some of the magnetic flux, the so-called leakage flux, links witj 
one coil and does not link with the other ; and a certain amoun 
of magnetomotive force (ampere -turns) is necessary to force thi 
magnetic flux through the transformer core. The effects of thes 
things on the action of the transformer is quite complicated 
but in many respects the behavior of the actual transformer ap 
proximates closely to the behavior of the ideal transformer. Al 
operating engineers in dealing with transformers, make use of thi 
very simple theoty of the ideal transformer, whereas designing 
engineers find it necessary to take account of the effects of coil 
resistance, magnetic leakage, and core reluctance. 

Transformer action. — In the following discussion A'' repre- 
sents the number of turns of wire in the primary coil and iV" 
represents the number of turns of wire in the secondary coil, the 
coils are assumed to have negligible resistance, and all of the 
flux which passes through one coil is assumed to pass through 
the other coil also. The transformer core, however, is nol 
assumed to have zero reluctance. 

Ratio of primary current to secondary current. — Aside from 
resistance, the only thing which opposes the flow of current 
through the primary coil is the reactifig electromotive force in 
duced in the primary coil by the reversals of magnetization of thi 
core. The greater the range of this magnetization the greate 
the value of the reacting electromotive force. The combined ma^ 
netising action of the primary and secondary coils is always 
. as it> magnetize t!ie core to that degree "which will make the read 
^^ ing electromotive force in the primary coil equal to the electronuA 
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force of^ihe alternator which is farcing current through tlte primary 
zoil. Resistance of primary coil neglected. 

When the secondary coil is on open circuit, just enough cur- 
rent flows through the primary coil to produce the degree of 
magnetization above specified. Let this value of the primary 
current, which is called the magnetizing current^ be represented 
by M. When current /" is taken from the secondary coil, 
additional current /', called the load current^ flows through 
the primary coil. The current M still suffices to magnetize the 
core, and the magnetizing action of I" is exactly neutralized by 
the equal and opposite magnetizing action of /'. The magnetizing 
action of I" is measured by the product N'T^ and the mag- 
netizing action of /' is measured by the product iV'/', so that, 
ignoring algebraic signs, we have 

NT = N'T' 
or ll_^^ 

r'"" N' ^^^^ 

Ratio of primary electromotive force to secondary electromotive 
force, — The rapid reversals of magnetization of the iron core in- 
duce a certain electromotive force a in each turn of wire sur- 
rounding the core. Therefore the total electromotive force 
induced in the primary coil is N' a. This is the reacting electro- 
motive force in the primary coil and it is equal and opposite, as 
pointed out above, to the electromotive force E' which is push- 
ing current through the primary coil ; so that, ignoring signs, we 

have 

E = N'a 

Similarly, the total electromotive force, E'^ induced in the 

secondary coil is 

E' = N''a 
Therefore 

E'^" N" ^^^ ^ 

* The above discussion should in strictness refer, primarily, to instantaneous values 
of /' and /'' and to instantaneous values of E^ and E^^, Thus i^ and i^^ 
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Approximate equality of input and output of paiver. — The out- ] 
put of power by an ideal transformer would be exactly e 
the input of power. In an actual transformer the output of power j 
is usually 97 per cent, or more of the power input when the J 
transformer is fully loaded ; that is the A"/' losses in the coils I 
and the eddy current and hysteresis losses in the core are together I 
usually less than three per cent, of the full-load output of a good I 
transformer. This high efficiency of the actual transformer shows I 
how closely the actual transformer approximates to the itieal| 
transformer in its action. 

99. Particular cases of transformer action. (Harmonic elec 
motive forces and currents.) — The above discussion is not limiteoi 






J^ 




Fig. 172. 



Fie- 173 



to any particular wave-form of electromotive force and current, but 
in order to show the voltage and current relations of a traw- 
former in a clock diagram it is necessary to consider the case of 

arc at each inslanl oppraite to each other and in the rtttio jV'/A"; and ^ KcA fi 
are at each instant opposite to each other and in the ratio N' j N". Therefore 
and /" are opposite or iSo" apatl in phase, and E' and E" are opposite 
aparl in phase. 
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larmonic electromotive forces and currents, inasmuch as non- 
harmonic electromotive forces and currents cannot be represented 
in a clock diagram. 

The magnetizing current, M, of a transformer is not harmonic 
and it cannot, therefore, in strictness, be represented by a line in 
a clock diagram. In Figs. 172, 173 and 174, however, M is 
represented by a line. The current so represented is called the 
" equivalent harmonic magnetizing current " (see Art. 1 1 5). 

Case I. Non-inductive receiinng circuit. — In this case the 
current /" produced in the receiving circuit is in phase with 




as shown in Fig. 172, and, according to Art. g8, /' must, 
refore, be in phase with E' . The line OM represents the 
fnetizing current in the primary coil, and the vector sum of 
and /' represents the total primary current. The vector 
' represents the harmonically varying core flux. Figures 
I to 17s all represent a 2 : i step-down transformation. 

Inductive receiving circuit. — In this case the current 
I produced in the receiving circuit lags behind E" by an 
hgle & of which the tangent is equal to X/i?, where X is 
ittie reactance and R is the resistance of the receiving circuit. 
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The load current /' in the primary coil being opposite to H 
in phase is behind E', as shown in Fig. 173. ■ 

Case J. Receiving circuit containing a condenser. — In iH 
case, which is shown in Fig. 174, /" is ahead of E" in pli9 
and /' is aliead of E' in phase, as indicated in the figure. 1 

100. Equivalent teslstance and reactance of an ideal transforofl 
feeding a givea receiving circuit. — Tlie primary of a transforiM 
takes from the supply mains a definite current at a definite phfl 
lag when the secondary of the transformer is delivering currH 
to a given circuit. Consider a simple circuit, of resistance r i^| 
reactance x, which, if connected directly to the supply ma^k 
would take the same current that is delivered to the primary of fl 
transformer as above and at the same phase lag. This stn^f 
circuit is equivalent to the transformer and the secondary rec^f 
ing circuit, and r and x are called the equivalent primary^M 
sistance and the equivalent primary reactance, respectively, of^M 
secondary receiving circuit. H 

In using the ideas of equivalent primary resistance and re^| 
ance, magnetizing current is always ignored. ^M 

Let R be the actual resistance of the secondary recctvm 
circuit, X its actual reactance, N' the number of primary 
turns, and iV"" the number of secondary turns ; then 

(=3) 






(-•4) 

To derive these two equations, resolve the primary electro- 
motive force E', Fig. 175. into components parallel to and per-' 
pendicular to /' as shown. The component parallel to /' e 
rf and the component perpendicular to /' is xf. Thc^ 
triangle whose sides are £', r/' and xf is similar to flK 
triangle whose sides are E", Rl" and XI", therefore 
xl' _ E' 
XI" ~E" 



and 
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N' 
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2 
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Example of the use of the ideas of equivalent primary resistance 
im^ reactance. — A 10:1 step-down transformer has a resistance 
of 150 ohms and a reactance of 100 ohms connected in series 
with its primary coil which takes current from 2,000 volt supply 
mains, and the secondary coil of the transformer delivers current 
to a receiving circuit of which the resistance is 2.5 ohms and the 
reactance is 2.0 ohms. Required the values of /', /", E' , E" , 
and all the phase angles. Multiplying 2.5 ohms {= R) and 
2.0 ohms (= X) by {^Y we have the primary equivalent 
values, namely, 250 ohms (= r) and 200 ohms (= x), so that 
the primary current flows, as it were, through a circuit of which 
the resistance is 150 ohms + 250 ohms and of which the react- 
ance is 100 ohms + 200 ohms. That is, the impedance of this 
equivalent simple circuit is 1/(400)^ + (300)^ = 500 ohms, so 
that the current is 2,000 volts -^ 500 ohms or 4 amperes. Tak- 
ing this current as the reference axis, the components of the 
supply voltage are 4 amperes x 400 ohms = i ,600 volts parallel 
to the current and 4 amperes x 300 ohms = 1,200 volts perpen- 
dicular to the current ; the components of E^ are 4 amperes 
X 250 ohms = 1,000 volts parallel to the current and 4 
amperes x 200 ohms = 800 volts perpendicular to the current ; 
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the components of E" are j'j x i ,000 volts and ^-^ x 800 volts 
parallel to and perpendicular to the current respectively ; and the 
value of /" is of course 40 amperes. The student should 
represent these details in a clock diagram. 

101. Relation between core flux and piimary voltage. — The 
electromotive force in abvolts induced in each turn of wire of the 
primary coil of a transformer is at each instant equal to the rate 
of change of the core flux <^, so that the total induced electro- 
motive force in abvolts is equal to N' -di^jdf, and this induced 
electromotive force is equal and opposite* to the primary voltage 
e' at each instant (resistance of primary coil negligibly small),. 
therefore 



.,d4> 



(i) 



where e' is expressed in abvolts. 

Example of core Jinx for a particularnon-karmonic electromoiivi 
force. — The relation between core flux and primary voltage is 
simplest for the case in which the electromotive force curve is 
rectangular like the full-line curve in Fig. 176, Suppose, fot 




example, that a 50-volt storage battery is connected throu^ 
reversing switch to the primary coil of a transformer, 
that the switch is reversed 25 times per second, and let it t 
quired to determine the curve of which the ordinates 1 
the varying value of the core flux, the primary coil having I 
turns of wire. 

*Id bet the induced electromotiie force should properly be considered eqdil 
— N" d^\dt so that, placing ^ eqasl and opposite to tbe induced voll^t^ n 
equation (i). 
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3uring each twenty-fifth of a second that the battery voltage 
{Dtinues to act steadily on the primary coil the core flux must 
inge at the constant rate of fifty million lines per second accord- 
l to equation (i) above, the resistance of the primary coil being 
ipored. Therefore (a) the curve of core flux curve must be an 
Iclined straight line during each twenty-fifth of a second, and 
) the total change of flux during each twenty-fifth of a second 
ttist be 2^ X 50,000,000 or two million lines. In every case, 
pwever, the core flux of a transformer pulsates between equal 
Bsidve and negative maximum values, so that the total change 
f flux in a half-cycle is 2^ where *t> is the maximum value of 
pe core flux, positive or negative. Therefore, in the case here 
insidered, the maximum value of tlie core flux is one million 
bes as shown by the dotted curve in Fig. 176. 
I Example of core fiux for harmonic electromotive force. — The 
Ration between core flux and primary voltage In this case is 
tost easily established by starting with a given harmonically 
ing core flux ^ and finding the corresponding primary 
Htage, Therefore let 

(/i = "l* sin w/ (ii) 

iferentiating this expression with respect to time we have 



dl 



= wl-c 



nw/ 



(iii) 



and substituting this value of d^jdt in equation (i) we have 

e' = a>N'^ cos mt (iv) 

pm which it is evident : (a) That e' is harmonic ; that is to 
i harmonically varying core flux induces a harmonic electro- 
Iptive force in the primary coil, or a harmonic primary electro- 
motive force always produces a harmonically varying core flux ; 
p) That the primary voltage is go° ahead of the harmonically 
rarying core flux in phase, as shown in Figs. 172, 173 and 174; 
)nd (c) that the maximum value of c', namely E', is equal to 
|^A^'4>, that is : 

E' = oiN'^ 
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or, substituting the efiective value E^(=W jVz), and solving 
for <& we have 



(25) 



in which E' is the effective value in abvolts of a harmonic volt- 
age acting on the primary coil of a transformer, iV' is the num- 
ber of turns of wire in the coil, to is the frequency in radians per 
second {= 27r times frequency in cycles per second), and *!■ 
is the maxinium positive and negative value between which the 
core flux pulsates. 

The maximum flux density S reached in the transformer 
core is of course equal to <P divided by the area of the cross- 
section of the core in square centimeters. 

102. Ciiive of tnAenetiiiiie cunent, primary voltage baliig hannoDic. (a) 

Oh the assumption thai Ike magnetic uluelancc of Ike core is conslant. — In this case 
the value m of the magneliiing current al each instant would be proporlionul to the 
value 4< of the core Hui at thai instant, and therefore the magnetizing current would 
be a harmonic current 90° behind the primary voltage in phase. 

(b) IVAen the hysteresis loop of the transformer core is given for thai range of 
flux -which is produced by the given primary voltage (eddy currents ignored). — Let 
ordinates of Ihe dotted curie, Fig. 177, represent the values of core flux ^ and lei 




k 



he abscissas of the dotted cnrve represent the corresponding values of steady current 
m in the primary coil. Let Ihe sine CTirve * represent the harmonically varying cOR 
flux corresponding to the given primary voltage. From a point i on the flnx-tioe 
draw the lines sv and sp. Then lay off vu equal lo pq. Proceeding in llui 
he entire current-time curve may be constructed, it being remembered that the 
branch a of the flm-current curve corresponds to increasing flux and branch b U 
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The effect of t,1dy currents in the core is to cHiise a hBrmoric current in phase with 
E' to floTC Ihcough the pciniBCy coil in odditioa to the current reprcseutcd by the 
curve win Fig. 177. 

103. Loss of power in transfonaera. — The power output of a 
transformer is always less than its power intake because of the 
loss of power in the transformer. This loss of power in a trans- 
former consists of two parts, namely, («) The iron or core loss 
due to eddy currents and hysteresis ; and (/') The copper loss 
due to the resistances of the primary and secondary coils. 

Tile iron losses arc pracdcally the same in amount at all loads, 
and they depend upon the frequency, upon the range of the flux 
density i@, upon the quality and volume of the iron, and upon 
the thickness of the laminations. 

The hysteresis loss in watts is 

P^ = ffI7i8i-o (26) 

where f is the frequency in cycles per second, S is the maxi- 
mum flux density in lines per square centimeter, V is the volume 
of the iron in cubic centimeters, and <? is a constant depending 
upon the magnetic quality of the iron. For annealed refined 
wrought iron the value of a is about 3 x lO*"'". 
The eddy current loss in watts is : 

P^ = bVfH''^^ (27) 

where / is the thickness of the laminations in centimeters, and b 
is a constant depending upon the specific electrical resistance of 
the iron. For ordinary iron the value of b is about r.6 x io~". 
Insuflficient insulation of laminations causes an excessive eddy cur- 
rent loss. 

Equations (26) and (27) may be used for calculating the hys- 
teresis and eddy current losses in any mass of laminated iron 
subjected to periodic reversaLs of magnetization, such as alternator 
armature cores and the rotor and stator iron in an induction 
motor. 

The copper loss is : 

P^ = R'I'^- + R"I"^ (28) 
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This loss is nearly zero when the transformer is not loaded 
increases with the square of the current, and becomes excessive 
when the transformer is greatly overloaded. 

104. Efficiency of transformers. — The ratio power output -^ 
power intake is called theefficiency of a transformer. The accom 
panying table shows the full-load efficiencies of various sized 
transformers of a recent type. 



TABLE OF TRANSFOTtMER EFFICIENCIES. 
Jtatcd Oulpiu 



. 94-8 

■ 95-75 



.96-45 
.96.65 

■ 96-73 
. 96.8 
.96.85 

■ 96.9 

- 96-95 

- 97-2 



The efficiency of a given transformer is very low when the 
output is small ; it increa.ses as the output increases, reaches a 
maximum, and falls off again -when the output is very great 
This falling off of efficiency when the output is great is due to the 
great increase of copper losses. Figure 178 shows theefficiency 
of a transformer at various loads. 

All-day efficiency. — A transformer is usually connected to the 
mains continuously, although current may be delivered by tiie 
secondary for a few hours only each day. In such a case the 
iron loss is continuous and may represent a very considerable 
loss of energy each day. The copper loss on the other hand is 
not appreciable except when tlie transformer is loaded. There- 
fore a transformer which is always connected to the mains bul 
which is loaded only a short time each day should be designed 
to have as small a power loss as possible in the iron, even though 

^ the design may involve a considerable increase of tlie power loss 

B ^ the copper. 

1^ .^B 
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rThe all-day efficiency of a transformer (or of any machine) is 
ifined as the quotient obtained by dividing the total energy de- 
rered by the machine in a day by the total energy delivered to 
e machine in a day. For example, consider a transformer of 
phich the iron loss is 300 watts and the cop]}er loss at full load 
* is also 300 watts, the full-load output of the transformer being 
D kilowatts. The transformer is connected to the mains all day 
and the total energy lost in the core in a day is 24 x 300 watt- 
hours. The transformer is used at full load for i ^ hours each 
day, during which time tlie copper loss is i J^ x 300 watt-hours, 


















































































































































































































































































































































































































































































































































































































































































































































































































































































































|ttd the copper loss duiiiig the remaining 22 j4 hours is negligible, 
total energy delivered by the transformer in a day is 
P,ooo X I J^ watt-hours, and the total energy delivered to the 
msformer in a day is of course [10,000 x i^ -|- 24 x 300 
1 ^ X 300] watt-hours, so that the all-day efficiency of the 
msformer under the given conditions is 15,000 watt-hours di- 
ned by 22,650 watt-hours, or 66.2 per cent. 
I Calculation of efficiency. — Given the details of design of a 
insformer to calculate its efficiency for given value and fre- 
quency of E' (or E"") and given current output /". 
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The power output is equal to E'l" on non-inductive load. If 
the receiving circuit is inductive the power output is E'l" multi- 
plied by the power factor of the receiving circuit 

The power input is equal to the power output plus the losses, 
so that, if tlie losses can be calculated, the power input is known, 
and then the efficiency may be calculated by dividing output by 
input. 

The copper loss may be easily found from the equation 

W^ = R'I'^-^R"I"^. 

In order to determine the iron loss, calculate * from equation 
{25) Art. loi and divide by the sectional area of core to find the 
maximum flux density .©, Then, knowing volume of iron V, 
thickness of laminations /, frequency f, and the two empirical 
constants a and b in equations (26) and (27} of Art. 103, the 
values of P^ and P^ may be calculated, 

105. Transformer regulation. — When a transformer is at zero 
load the ratio of primary to secondary voltage is almost exactly ( 
equal to the ratio 7V/iV", but with increasing load the secondaiy J 
terminal voltage decreases, the supply voltage being constant, ( 
in other words, the secondary terminal voltage increases in valuj 
as the load on the transformer is decreased. The degree of regu 
lation is usually specified by expressing the increase of secondaiy I 
terminal voltage from full load to zero load in percent of full-load 1 
voltage. Thus a given transformer supplied from constant voltage 
mains gives a secondary terminal voltage of 108. J volts at fuU 
load and 1 12 volts at zero load and its percentage regulation is 

112 — 108,5 

-—T, X 100 = ^.22 per cent. 

The decrease of secondary terminal voltage of a transforni^^ 
with increase of load is due to coil resistances and to magne'f '^ 
leakage. When the receiving circuit is non-inductive the decrea-^ 
of secondary terminal voltage Is due almost entirely to coil resis*' 
ances, when the receiving circuit is very highly inductive tt** 
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ise of secondary terminal voltage is due almost entirely to 

pietic leakage, and when the receiving circuit is a condenser 

e effect of magnetic leakage is to cause the secondary terminal 

ige to increase with increase of load. The theory of trans- 

mer regulation is developed in Chapter XI. 

ri06. Transformer ratii^. — An increase of the current output 
of a transformer, with given value and frequency of f, causes 
a decrease of secondary terminal voltage and an increased gener- 
ation of heat in the transformer coils. Increase of E or de- 
crease of frequency, on the other hand, causes an increase of <t> 
according to equation (25), Art. 101, and this increase of 4> 
causes an increase of iron loss according to equations (26) and 
(27), Art. 103. 

The voltage rating, frequency rating, and current rating of a 
transformer are therefore determined by the allowable heating 
and by the required degree of constancy of secondary voltage, 
and usually the allowable heating is the determining factor. 

A transformer is usually rated by specifying the value and fre- 
quency of the primary voltage with which it is intended to be 
used, and by specifying its ratio of transformation and the power 
it can deliver steadily (at rated voltage) to a non-inducti"ve receiv- 
ing circuit 

The rating of a transformer is by no means rigid and it is allow- 
able to use a transformer under conditions differing very greatly 
from the conditions specified in its rating, but when so used a 
transformer should be watched so that it may be disconnected if 
its temperature becomes excessive. 

107. The constant current transformer. — When a number of 
arc lamps (or other receiving units) are operated in series, indi- 
vidual lamps must be short-circuited to cut them out of service, 
and in order that the lamps may be independent of each other, 
the circuit must be supplied with a constant current. When alter- 
nating current is used to operate arc lamps in series, the constant 
current transformer is used. This transformer takes current from 
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of the General Electric Company. The essential features of this 
transformer are shown in Fig. 180, in which CCC is the lami- 
nated iron core, PP is the stationary primary coil, and 55 is 
the secondary coil which is suspended from a counterpoised lever 
system so as to move up and down with great ease. When lamps 
are short-circuited, the slight increase " of current causes an in- 
creased repulsion between P and S, the coil 5 moves up- 
wards, and the increase of leakage flux across the regions LL 
lessens the useful flux through the secondary coil S, which re- 
duces the induced voltage in S, thus counteracting the tendency 
for the current to increase. 

108. Simple tranformer connections. Connections in parallel. 
Connections in series. — When trtmsformers are used to supply 
current to groups of lamps or motors at constant voltage, step- 
ping down from constant voltage transmission lines, the primary 




of each transformer is connected directly across the high voltage 
mains and each transformer delivers current to a separate group 
of lamps or motors as shown in Fig. 181. This arrangement is 
called the parallel connection of transformers. 



i, but the lever system 
iirtent almost exactly ci 
to cause the equilibriun 



be produced \i 
»i designed as 



>rdei to start the moling cihI 
I keep the equ[libr{um value 
■sistance of receiving circuit, 
Jecrease with decrease of re- 
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The pranaiy coils of several transformers may be connectolill 
series with each other as shown in Fig. 182. This arrangement 
which is called the series connection of transformers, is st 
used. 

Transfamiers -jnth divided coils, — Alternators in OKxlentteljii 
small lighting plants give usually r.ioo or 2,200 volts electrons 
live lorce, and the standard voltages for incandescent lamps irc 
1 10 volts or 3 30 volts. Small transformers for lighting plants arc 
therefore usually made with two-part primarj" coils and two-part 
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secondary coits, so that the two parts of the primary may be con- 
nected in series with each other for 2.200 volts or in paralla 
with each other for 1,100 volts, and so that the two parts of the 
secondary may be connected in series with each other for 220 
volts or in parallel with each other for 1 10 volts. 

In connecting the two parts of a transformer coil in parallel 
with each other the utmost care must be taken to connect tiw 
coils so that one coil does not act as a short-circuit for the othfff 
and in connecting the two parts of the primary coil of a 
former in series with each other the utmost care must be taki 
to be sure that the two parts work together in opposing the 
primary impressed voltage. Failure in either case to make 
proper connections may lead to serious damage to the transfonoer 
wlipn it is connected to the mains. 
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109. The aatotraiisfonner,* — Consider the supply mains which 
bring current from an alternator, and the service mains which de- 
liver current to a customer, as shown in Fig. 183. There are 







n 



■Snpptv 



FiE. 183. 

three methods for establishing communication from ab to cd, as 
follows : («) By conductive connections, that is by connecting 
wires frooi a\.o c and from b\o din Fig. 183, (b') by transformer 
connections, that is by connecting the primary of a transformer 
to ab and the .secondary to cd, and (r) by a combination of con- 
ductive and transformer connections. Any transformer which is 
connected up for this combination method is called an autotrans- 
former. 



I> 



1 



n ^. 



The action of the autotransformer may be brought out most 
\ dearly by considering a numerical example. Let the coils A 

* It ii misleading to speak of tht Hutotransrormec iaaEmuch as a so-called sutoCraiiS' 
iner is eiaclly the same thing as an ordin.ory transformer, and it acts in 
>y- The name autotransformer refers to a scheme of connections. 
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and B, Fig. 184, represent the fine wire coil and tlie coarse wi 
coi! respectively of an ordinary 10 to I transformer. The fine wi 
coil is connected across 100 volt supply mains, and of course i 
electromotive force of 10 volts is induced in the coarse wire ca 
One terminal of the receiving circuit is connected directly to 01 
of the supply mains as shown, and t/u other terminal b U m 
nected through tlie coil BB to the supply main a. This 
tion may be made so that the 10 volts in BB is added to 1 
supply voltage thus giving I lo volts across be, or it may 
made so that the 10 volts in £ is subtracted from the suj^iy 
voltage thus giving 90 volts across be. In the fii^t case we have 

Supply main 



soppiy- 



auto-step-up transformation, and in the other case we have auto- 
step-down transformation. In the first case the coil A acts as i 
primary, receiving power from the supply mains ; and tlie c<m1 
BB acts as a secondary, delivering power to the receiving circuit 
In the second case the coil BB acts as a primary, receiving 
power from the current which is forced through it in opposition 
to its voltage ; and the coil A acts as a secondary, delivering 
power back to the supply mains. In both cases the power which 
is actually transformed from A to B or from B to A is equal to 
10 volts multiplied by the current / which is delivered to the re- 
ceiving circuit, whereas the total amount of power delivered to 
the receiving circuit is 1 10 X / in the first case, and 90 x /, in 
the second case. Therefore a 10 to i transformer rated as a 1- 
kilowatt transformer would suffice for the delivery of 1 1 kilowatts 
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to the receiving circuit in the first case, or 9 kilowatts in the 
second case. This illustrates tlie most important feature of the 
I iutotransformer when the supply voltage is to be only slightly 
raised or lowered, namely, that a small transformer suffices for 
the delivery of a large amount of power, and of course the losses 
of power are less than would be involved in a large transformer 
used in the ordinary way. 

The action of the autotransfonner in altering the supply volt- 
age is most clearly represented as shown in Figs. 1S5 and 186;* 




Fig. 185 represents auto-step-up transformation, and Fig. 186 
represents auto-step-down transformation. In each of these 
figures the two colls A and B are related to each other as 
parts of one continuous winding, and the voltage of the whole 
winding {A and B together) is to the voltage of any given 
part of it as the whole number of turns is to the number of turns 
in the given part. 

110, The arrangement of transformers in polyphase systems. 

(\Vithoiit changing the number of phases. 'j — Step-up and step- 
down transformation in polyphase systems is accomplished, in 
general, by using an independent transformer for each phase, that 
is by transforming each phase by its individual transformer. 

When three transformers are used in a three-wire three-phase 
system, the primary coils of the three transformers may be A- 
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connected or K-connected to the supply mains, and m c 
case the secondary coils may be A-connected or i'-ctwinec 
to the service mains, so that four arrangements are possible 
namely, the 44-connection, the A ^connection, the Ki-coii 
ncction, and the KK-connection. The AA-connection is, hoi 
ever, tlic usual arrangement, for, in this case, the system r 
opL-rative when one of the transformers is disconnected ; thm 
witli the AA-connection the burning-out of one of the t 
formers need not render the system inoperative, although the two 
remaining transformers would operate at a disadvantage, not only 
because the two transformers would have to carry the load o 
three, but because the currents in the two transformers are in 
creased in a greater ratio than 2 : 3 as explained in the followinj 
jKiragraph. 

f o/tmt Iram/ormtrs far Ihrt- 



the 



Iratls/orHitrs for Ihrtt-phasc Irani/oTrnotion. ■ — Fignre 187 show 
Iwo ttansformets Aa and M for three-phase Iranafoi 
1 >1 iiiirn evident thai this anangement iiiHiDtniQ3 the proper voltage (proper, tbillv 
n vilue itnd in phase) between service mains i anil z, and the proper voltage be 
w«atl Bervke iiiiiina 1 and 3 ; hut a proper vollage between I and 2 ao 
>olta|E helwceu a and 3 gives necessacil}' a proper voltage between 3 and 



(tupply K 




FIfi. I 



Suppose that the service mains are delii 
teceiving circuits, each current lagging 6' h 
in Fig. 188. The lines /„ /, and /, n 
celving circuits, so tliat the power delivered to each 
£ is used fur the common numerical value of £j 
the common numerical value of /,, /, and /,. 



?ring current to three similar i-ronnert 
■bind the corresponding voltage, as sba' 
present the currents in the respectiiel 
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The cuiTCDl a in service nuuo I U Ihe vector dilference /, — I^, and the curtenl 
in service main 3 is the vecloc difference /, — /„ as shown in Fig. 1S8. The 
iTows in Fig, 187 represeol the diiections which are chosen as positive. Of course 
he currents in Ihe secondary coils a and i are precisely the iame as the currents in 
aaiiis I and 3 respectively. The voltage £, which is generated in coil a develops 
n amount of power equal to fj limes a times the cosine of the phue difference 
between £, and a, or £,a cos (0 -(- 30° ) { and the voltage £, which is gener- 



*edi 




^>. 



Wed in coil i develops an an 
IhcTeforc, £ lot the commoQ i 
nmnerical value of a and d, 



aunt of power equal to E,i cos (8 — 30'^). Using, 
umerical value of £| and £j, and a for the common 
we have, as an expression for the total power deliv- 

(» + JO*) +•»■(• -30")] 



insformcrs delivering 
isformcrs can deliver 
general they can de- 



2Xo.866£a™3» 
Example. — Consider three flA-connected 100-kilowalt 
three-phase carreuts to balanced receiving drcuitf. These 
30a kilowalts if the receiving circuits are non-inductive or 
liver 300 cos fl liilowatla. If one transformer is put out of se 
ing transformers will operate at full load, not on 200 cos 8 kilowalts, but on 
0.86 X 200 COS fl kilowalts ; that is, the two transformers have a full-load capacity 
of only 0.577 of Hie fulMoad rating of the three transformers. 

111. Polyphase transformers. — It is possible to combine the 

magnetic circuits of tran.sformers which are used for polyphase 
transformation. Thus Fig. 189 shows what may be called a 
two-phase transformer. It consists of two similar transformers 
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A and B, the magnetic circuits of both being completed through 
the portion c of the core. When used for two-phase step-up 
orstep-down transformation, transformer A is used for one phase 
and transformer B for the other phase. In this case the magnetic 
flux in core a as in phase- quadrature with the magnetic flux in 
core b, and the return flux in core c is related to the fluxes in 
a and ^as shown in the clock diagram in Fig. igo. 




Figure 191 shows what may be called a three-phase trans- 
former. It consists of three similar transformers A, B and C, 
with a single core-structure as shown. When used for three- 
phase step-up or step-down transformation, transformer A is 
used for one phase, transformer B for another phase, and trans- 
\ former C for the third phase. In this case the magnetic fluxes 
1 in cores a, b and c are 1 20° apart in phase, as shown in the clock 
k diagram of fluxes, Fig. 192, and each core may be looked upon as 
H the return path for the flux in the other two. 
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i TiasBfonnalloii of phases. — Transformers in polyphaf 
ns are often arranged so as to change the number of phases 
t the same time to produce step-up or step-down transfor- 
0. Thus at one of the large power stations at Niagara | 
two-phase alternators are used, and the step-up transformers 
1 supply the Buffalo transmission line are arranged to change 
two-phase to three-phase so to take advantage of the fact ' 
hree-phase transmission requires less copper than two-phase 
, for the same voltage between wires. Also, when 




Jesired to operate, from an «-phase supply, a synch; 
rter having m collector rings, the step-down transformers 
be arranged to change the number of independent phases, 
is impossible by means of transformers to convert a singh 
supply into a polyphase supply, because a transformer can- 
mvert the pulsating power delivered by a single-phase alter- 
into the steady flow of power required in the polyph; 
a. A transformer (that is, an ideal transformer) delivers 
Y at each instant at the same rate that it receives enei^y. 



ses. 

an- ^^^ 
lase ^^^H 

J 
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The principle involved in the transformation of phases may be 
best brought out by considering the transformation from two 
phases to any number of phases, say, three ; although any 
iirrangement of transformers which will transform from two-phaa 
to »-phase will serve to transform from «-phase to two-phase. 

Let A and B, Fig. 193, represent the two electromotive 
forces of a two-phase alternator, and let E^ be any given elec- 
tromotive force which it is desired to produce. The component 
of £, parallel to A is E^ sin /3, and the component of £, 
parallel to B is £^ cos >9 ; and io produce the desired eleclromis- 




thie force E^ it is only necessary to produce the cornponents of By 
in the respective secondaries of two transformers, of which ll 
primaries are supplied from A and B respectiiwly, and to cw 
nect these secondary coils in series. Thus Fig. 194 shows tn 
separate transformers with their primary coils connected to phu 
A and phase B, respectively, of the two-phase alternator, t 
secondary coil a has a number of turns sufficient to produced 
the electromotive force E^^ sin j8, the secondary coil b ha 
number of turns sufficient to produce the electromotive fc 
£j cos |8, and the two coils a and b connected in series % 
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; required electromotive force £,. Similarly, the electromo- 

: forces E^ and E^, Fig. 193, may be produced each by a 

■ of properly proportioned secondary coils. Therefore, the 

^o-pJtase three-phase transformer consists of two transformers witk 

r primary coils supplied from the two-phase system, and having; 

u general, six secondary coils which are connected in pairs in series, 

tcA pair supplying one of the three-phase voltages. Such an 

ingement can be used to change from two-phase to three-phase 

r to change from three-phase to two-phase. 

The Scott transformer. — The general type of two-phase three- 
khase transformer above described may be greatly simplified, 
ild the simplest arrangement is that due to Chas. F. Scott. 




Wo understand the Scott transformer it is necessary to consider 

a even more general type of two-phase three-phase transformer 

n that described above, and to make Use of the following propo- 

ition : Consider three units of any kind, alternators, or combina- 

pons of transformer secondaries, a b and c, which are Y-con- 

xted to three mains i, 2 and 3, as shown in Fig. 195 ; if the 

b and c. Fig. ip6, which represent the electromotive 



J 
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forces generated in a, b and c, Fig. ig^, terminate at (lie apice— 
of an equifaleral triangle, t/ten the Y-connected units give sym-^ 
metrical three-phase voltages between the mains. This is eviden"* 
when we consider that the voltage from main i to main 2, Fig— 
igS, is the vector difference a~ b, that the voltage from main ^' 
to main 3 is the vector difference b — c, and that the voltage 
from main 3 to main i is the vector difference c — a. 

In the Scott transformer the point 0, Fig. 196, lies midway 
between the points / and r as shown in Fig. 197, so that the 



A 



lines a and b are parallel to each other and at right angles to 
the line c. Then the voltage c may be produced by the single 
secondary of a transformer supplied from phase B of the two- 
phase system, and the voltages a and b may be produced by 
two secondary coils {one for a and one for b) of a transformer 
supplied from phase A of the two-phase system, the three 
secondaries a, b and c being S'-connected or, as it is some- 
times called, 7V:onnected, to the three-phase mains as shown 
in Fig. 198. The one condition that is necessary is tliat the coils 



, halv> 



; of one continuous 



and b be related to 'each other a 
winding. 

Example of a Scott transformer. — The similar primary coils 
of two transformers have I,000 turns of wire each and they are 
connected to the respective phases of a 1,000 volt two-phase 
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supply ; and it is desired to deliver three-phase currents at 240 
volts between mains. Each side of the equilateral triangle pqr. 
Fig. 197, therefore, must represent 240 volts, so that each of the 
secondary coils a and b. Fig. 198. must generate 120 volts 




and have 120 turns of wire; and the secondary coil c. Fig. 
198, must generate 1/3/2 times 240 volts or zo8 volts and 
have 208 turns of wire. The coils a and b constitute one 
continuous winding of 240 turns of wire, with a lead coming out 
from its middle point. 

of Ihf Sfolt transformfr. — When two transformers are used 



DiphaHng ai/i 
(bt three-phase tra 
coils are oot m phi 



a-ibed ii 



3, Iheci 



nlhetransfon 



e with the induced soilages even when the receiving circuits ate 
: mutual action of the two transfonners which causes the curreols 
a and b to differ ia phase from the voltages £, sod f,, Fig. lES, and which 
lowers the power raling of the two Iransforraers in the ratio of 1 to 0.866 is called 
depkasing action. There is a somewhat similar dephasing action in one of the two 
transformers which together conslilute a Scolt transformer. Thus, when the Scoll 
transformer delivers current to balanced non-induclive receiving circuits, the cuttenls 
in the three coils a, b and f, Fig. 198, are represented bf lines drawn from the 
(tHitr of the equilateral triangle pqr. Fig. 197, towards the apices r, fi and q 
respectively. That is, the current in coil a is 30° behind the induced vollage in a, 
and the current in coil b is 30° ahead of the induced voltage in b. 
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113. Transformer connections for synchroiious converters. — An 
«-ring converter must be supplied witli alternating current from 
an «-wire system, the supply wires being connected to the 
rings in proper order. Thus a four-ring converter (sometiiMS 
called a two-phase converter) cannot be supplied from a three- 
wire two-phase system, but the two phases must be entirely sq>- 
arate, each transmitted over a separate pair of wires. 

Three-ring converter. — A three-ring converter is supplied with 
alternating currents from a three-wire three-phase system, the 
three phases being stepped down to the proper voltage, and the 
three service wires being connected to the three rings. The 
order of connections of service wires to rings depends on the di- 
rection in which the converter is to be driven. If the alternating- 
current supply is two-phase it is necessary to transform to three- 
phase as explained in Art. 1 12. 

Tlu four-ring converter. — A four-ring converter must be 
supplied with alternating currents from a four-wire two-phasC 
system. If the two-phase currents are transmitted over a three- 
wire, line, the step-down transformers must deliver currents h 
four service wires, two separate wires for each phase. The wirej 
of phase A are connected to two opposite * collectorrings, ai 
the wires of phase B are connected to the other two ring? 
The reversal of the connections of either phase will reverse tt 
direction of driving. 

If the alternating current supply is three-phase it is nee 
to transform to two-phase as explained in Art. 1 1 2. 

Six-ring converter. — Any converter having 2« rings can b 
supplied with alternating currents from an «-phase system, pM" 
vided the « armature windings of the «-phase supply gener 
are not electrically connected with each other, each generSiA 
•winding must have its oum separate fair of collector rings (S 
rings in all") and must deliver current m'gr a separate pair of trM 
mission wires. If the w-phase generator has n collector ring) 



•opposite colieclor rings are those which 01 
two-pole armature winding. 



into opposite points of 
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the ^-phases being transmitted over « wires, then a 2n-ring can- 
verier may be supplied, if the n-phases be kept entirely separate on 
the secondary side of the step-down transformers, that is, if each of 
the n secondary coils delivers current to the converter over a 
separate pair of wires. This is exempHfied by what is said above 
concerning the four-ring converter. It is also exemplified by the 
supply of currents to a six-ring converter from a three-phase 
system, the three phases being separate and each delivered to the 

n«« fl I I PbMtt b 1 I PbM^ e I 

V^AA/W WVWW WtfWW 

/WVV\A'' /VWV\A^ A^A/V\-'' 




converter over two wires. To supply a six-ring converter from 
a two-phase system it is necessary to transform to three-phase. 

The simplest method of connecting a six-ring converter to a 
three-phase (six-wire) system is to connect each of the three 
phases to opposite collector rings of the six-ring converter. This 
is called the diametrical connection and it is shown in Fig. 199. 

There is some confusion as to the esact meaning of the term n-phase tyiirm, as is 
evident from the above discussion which shows the possibility of operating a four-ring 
coDTcrter from a two-phase system and the possibility of operating a sii-ring converter 
from B three-phase system. Indeed ane should speak of an n-phase alteroalor as one 
which has n annatorc windings displaced i/b of iSo elcctrica] degrees* from each 
other. Thus, a two-phase alternator is an altemalor which has two armature wind- 
ings 90 eiectrical degrees apart, and a three-phase alternator is an alternator baring 
indings 60 electticel degrees apart ; and the electromotive forces of 
le and three-phase alternators may be most properly represented by the full 



•One electrical degree i) l/if 
d soath (leld magnet poles centi 



I of the angular distance bet' 
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lines in the clock diagnms of Fig. 200 and Fig. 201. If the armature windings tLfc 
mot inUrcomaucted^ then anj phase maj be connected in any way to any receiving cir. 



t 

Fig. 200. 

cnit, that is to say, the electromotive force A may be reversed with respect to an]r 
receiving drcnit by reversing its connections to that circuit. Therefore the two inde- 
pendent phases, A and B^ Fig. 200, constitute in a certain sense a four-phase system 




Fig. 201. 

having the available voltages A^ B, A^ and B^\ and three independent phases, A 
B and C, Fig. 201, constitute in a certain sense a six-phase system having the avail- 
able voltages A, B, C, A^y B^ and a. 



CHAPTER XI. 

GENERAL THEORY OF THE TRANSFORMER. 

114. Effects of coil resistances, magnetic leakage, and core 
reluctance on the action of a transformer. — The discussion of the 
transformer which is given in Chapter X is based very largely 
upon ideal conditions as explained in Art. 98, and the present 
chapter is devoted to the discussion of the effects of coil resist- 
ances, magnetic leakage, and core reluctance. These effects are 
usually small, and their influence on each other (which is very 
small) is ignored. That is. to say, the effect of each is here con- 
sidered on the assumption that the transformer is otherwise ideal, 
and the combined effect of all three is considered to be the sum 
of the efl^ects of each by itself. These effects may be summarized 
in a general way as follows : 

Coil resistances do not effect the ideal current relation, namely, 
T' jl" =N" jN' ; but they do affect the ideal voltage rela- 
tion, namely, E' jB' = N' jN" ; and the extent to which the coil 
resistances affect the ideal voltage relation depends upon the 
transformer load, the greater the load the more pronounced the 
inequality E' (E"> N' jN". 

Magnetic leakage does not * affect the ideal current relation of 
a transformer, but it does affect the ideal voltage relation ; and 
the greater the transformer load the more pronounced the 
inequality E' jE" > N' jN", except when the receiving circuit is 
like a condenser when the inequality Is reversed. 

Core reluctance necessitates magnetizing current, and of course 
the existence of magnetizing causes the ratio of primary current 
to secondary current to differ from the inverse ratio of primary 
to secondary turns. The extent to which the ideal current rela- 
dc5cribed ii 



* In Ibe constant- current Iransformer, which i^ 
luge is very large when the load is small, an 
» iRed the current reklion perceptibly. 



1 this 



Art. 107. the magnetic 
e the magnetic leaka 



tjfjn in thuK vitiated by magnetizing cuncnt 
')f tranftformcr load. 

Thf so~calUd potential traxtfomur. — Wlien it b desscd h> 
operate a transformer to transform a vcdtage in aa accvatci^ 
known ratio «o as to enable a low-readtog vohmeCer to aeam 
a hi(rli volta[{c, the effect of coil resistances and the tSetX at 
magnetic leakage must be reduced to a minimum. 

T&f so-called current trans/or»ier. — Wbcn it is desired to 
operate a transformer to transform a current in an accurately 
known ratio so that an ammeter need not be connected in die 
main circuit of an alternator, the effect of core reluctance (mag- 
nctizlng current) must be reduced to a minimum. 

A transformer which is used to supply a voltmeter should be 
fairly larijc no that the current delivered to the voltmeter may be 
a lighl; load for the transformer. 

A transformer which is used to supply an ammeter should be 
»maU so that tlie current delivered to the ammeter may be a heavy 
load for the transformer. In saying that the transformer should 
be small it is understood that it is to be designed to take a small 
maK<)(^t'^'"l! current, and mere smallness does not ensure the 
rclixation of this condition. 

Ufl. Eff«t of core reluctance. Magnetiziiig current. — ^Themag- 
neli/ini; ciuTcnC of a transformer is not harmonic,* but it is as- 
sumed ti) be harmonic in all calculations of transformer action; 
and ill power component M^ and its wattless component M, 
may be calculated from the known details of design of the trans- 
former as follows : 

Potver compontnt M . — Knowing the thickness of laminations, 
kind of iron, volume of iron, and frequency of the alternating 
current used, the total core loss P^ + P, of the transformer may 
be calculated as explained in Art. 103. This total core loss is 



• Ih the indusiion molor •Can m«gD( 



lupply Tolt»Be il hinoooic, because of the large and constant magDctic reluctanttf^ 
Ihe nit ijup. 
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equal to E'M^, so that 



Jf- 



E' 



(0 

Wattless cotHpoiteiil J/_. — Knowing the maximum flux density 
in the transformer core (see Art. loi) the permeability of the 
iron may be found from permeability tables or curves and the 
magnetic reluctance Si of tlie magnetic circuit of the transformer 
may be calculated from the known dimensions of the core. The 
product of this magnetic reluctance by the maximum core flux 
^ gives the maximum magnetomotive force required to mag- 
netize the core, and tliis is equal to 4Tr/!0 times N' times the 
maximum value of the wattless component {V zM^. That is 



*^ = ^A"l/iJf 



from which we have 



Jf = 



4/2 ttA^ 



W 



Admittance* corresponding to magnetizing current. — The value 
of the magnetizing current of a transformer is very nearly inde- 
pendent of the value of the load current /' which flows through 
the primary coil, very much as if the magnetizing current flowed 
through a circuit of dejinite admittance g^ —jl>y connected in 
parallel with the primary coil of an ideal transformer. That is 
to say, a transformer which takes a definite magnetizing current 
is equivalent to an ideal transformer with a certain cifcuit shunted 
across its primary coil. The conductance g^ is that factor which 
multiplied by E' gives the power component of the magnetizing 
current, and the susceptance by is that factor which multiplied 
by E' gives the wattless component of the magnetizing current 
That is 

M^ = g,E; 

* The shunt circuit which is imagined to be connected in parallel with the primar}' 
ccnl of an ideal transformer to represent the effect of core reluctance, could of course 
be specified in terms of impedance (resistance and reactance) instead of in term* of 
idmiltancE (cooductaiice and susceptance), but specification in terms of conductance 
and susceptance is to be preferred. See Arts. 39 and 46. 
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whence, using the values of M^ and M 
(ii) we have : 

/', + /' 
^' = -£"- 
and 

10*^ 



41/3 irN'E' 



from equations (i) and 



(iv) 



^+B7' 



116. Effect of coU resistances. — The clock diagram, Fig. 202, 
shows the general effect (greatly exaggerated) of the resistances 
of the tiansiormer coils. The line 0^ represents tlie harmon- 
ically varying flux in the trans- 
former core ; the line Oa repre- 
sents the useful part of £', that is, 
the part which balances tlie elec- 
tromotive force which is induced 
in the primary coi! by the varying 
core flux ; and the line Oi> rep- 
resents the total electromotive 
force induced in the secondary 
coil. The ratio of Oa to Ob is 

[ # >_ equal to N'/N", the magnetic 

L leakage being zero. The line 

* ^ 0/" represents the secondar>' 

^ current, the secondary receiving 

circuit having a given power fac- 
tor equal to cos 8, and the line 
OP represents the primary cur- 
rent. The total primary voltage 
^'«- ="■ £' is the vector sum of Oa and 

R'f, R'f being of course parallel to /' ; and the electromo- 
tive force E" at the terminals of the secondary coil is the vector 
difference Ob — R"I", R'T' being of course parallel to /". 
When the secondary receiving circuit has unity power factor, 
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that is when the angle B is zero, then R'/' and R"/" are parallel 
to Oa and 06 respectively. In this case Oa is equal numer- 
ically to E' — RT, and E" is equal numerically to Ob — R'T'. 
That is, coil resistances have their greatest effect in causing the 
secondary terminal voltage of a loaded transformer to fall below 
the ideal value {E' = E' x N" jN') when the secondary receiv- 
ing circuit has unit power factor. 

When the secondary receiving circuit has a very low power 
factor, that is, when the angle 6, Fig. 202, is nearly 90°, then 
R'l' and R"I" are nearly at right angles to Oa and Ob re- 
spectively. In this case Oa is very nearly equal, numerically, 
to E' , and Ob is very nearly equal, numerically, to £.", so 
that the ratio E'jE" is nearly equal to the ideal value 
N'jN". 

Transformer regulation is mainly dependent upon coil resist- 
ances when the receiving circuit is non-inductive, inasmuch as we 
shall find that magnetic leakage has little effect on the voltage re- 
lation in this case. On the other hand, when the angle 8, Fig. 
202, is nearly 90°, the regulation is not greatly affected by coil 
resistances. 

117. Effect of magnetic leakage. — It is shown in the next 
article that a transformer having magnetic leakage (but of course 
ideal in other respects) is equivalent to an ideal transformer with 
a certain outside inductance, P, connected in series with its 
primary coil This inductance is called the leakage inductance 
of the transformer, and the reactance value atP of this inductance 
is called the leakage reactance of the transformer. 

The clock diagrams, Figs. 203 and 204, show the general effect 
(greatly exaggerated) of the magnetic leakage of a transformer. 
The various lines have the same significance as in Fig. 202, ex- 
cept, of course, the line a>PI', which represents the part of E' 
which is lost in overcoming the leakage reactance. The line 
wPI' is 90" ahead of /' in phase. It is to be noted that the 
entire magnetic leakage is equivalent to the inductance P in the 
primary circuit, so that the secondary coil is to be considered as 



having no inductance and therefore the total secondary im 
voltage Ob is available as terminal voltage. 




When the secondary receiving circuit is highly inductive, t 
s, when the secondary current /" lags nearly 90° behind J 




Fie- 20*. 
as shown in Fig. 203, then €oPl' is nearly parallel to 
the useful part of the primary voltage, Oa, is numerically ei 
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fE' — toPI'. In this case the effect of magnetic leakage is to 
e the secondary voltage of the loaded transformer to fall con- 
perably below its ideal value. 

When the secondary receiving circuit is non-inductive, that is, 
hen the angle 6 in Fig. 203 is zero, then toP/' is at right 
igles to Oa. In this case 0/t is very nearly equal numerically to 
\ so that the secondary voltage is nearly equal to its ideal value. 
[When the secondary receiving circuit is like a condenser, that 
Kwhen the secondary current /" is nearly 90° ahead of £" 
^hase as shown in Fig. 204, then wPI' is nearly parallel but 
iposite in direction to Oa so that Oa is nearly equal numeri- 
lly to E' + aPf. In this case the effect of magnetic leakage 
BO cause the secondary voltage of the loaded transformer to 
Kceed its ideal value. 

^18. magnetic leakage is equivalent to an inductance in series 
ttti the primary coil. — To show that the magnetic leakage of a 
Iplsformcr is equivalent to an inductance in series with the 
lary coil (magnetizing current being" ignored) it is necessary 
l«onsider the relation between the alternating current i in any 

I of wire and the harmonically varying flux produced by i. 
)it fiux is proportional to 

't is of course in phase 
i it is the effects 
\^h a flux that consti- 

s what is called the in- 
0/ the coil. If, 

rcfore, we can show that 

E total flux through the 

mary coil of a trans- 
n be resolved into 

■ parts, one of which 

jes through the primary 

\ only and is proportional to and in phase with the primary cur- 

1 and the other of which passes through both the primary and 
mndary coils, then our proposition will be established. 
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Let A, Fig. 305, be the primary coil, S the secondary coil, 
and C the iron core of a transformer. As the (harmonic) alter- 
nating currents in coils A and B pulsate in value, harmonically 
varying fluxes are produced through the core and around each 
coi!. Let the line OC in the clock diagram. Fig. 206, represent 
the harmonically varying flux 
through the core, let Op rep- 
resent the harmonically vary- 
ing flux which encircles coil 
A, and let Os represent the 
harmonically varying flux 
which encircles coil B. The 
fluxes O/i and Os are pro- 
portional to and in phase 
/' and /" respectively. 
''^^' """' !" is proportional to and op- 

posite in phase to /', so that pOs, Fig. 206, is a straight line 
and its length ps is proportional to /' and of course in phase 
with /'. 

The total harmonically varying flux through coil A is the 
vector sum of Op and OC which is Oa, and the total har- 
monically varying flux through coil B is the vector sum of Oi 
and OC which is equal to Ob, but Oa is equal to the vector . 
of Ob and ba, and ba is parallel and equal to sp. Thei 
the flux Oa which passes through the primary coil can be 
sidered to be made up of two parts, one of which Ob 
through both coils, and the other of which ba passes through 
the primary coil only and is proportional to and in phase with V} 

•The student will find that niiiiiy writers on alternating current theory reproat 
the elTects of magnetic leakage of transformers atid Induction motors as equivBlcnt U 
a certain reactance in the primary circuit together with a certain reactance in ibt 
secondary circuit ; but when the eHects of magnetiiiog current are ignored (and •!! 
writers do ignore them because to lake these effects into account in the discussion of 
magnetic leakage leads to great complications which do not seem to be justified b; iIk 
TequirenaeDts of practice) it is only possible to separate the effects of magnetic lnlli>|!< 
'o such reactances arbitrarily and without any basis in fact. 



pass^H 
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'119. Calculatdon of leakage inductance P. — The value of the 
inductance-equivaient of tlie magnetic leakage of a transformer 
depends upon the size and shape of the primary and secondary 
coils, and it is very small when the windings are arranged in 
alternate sections of primary and secondary as described in Art. 
97- The calculation of the inductance-equivalent of magnetic 
leakage would be very simple if the whole of the leakage flux, 
/ + J in Fig. 305, passed between the primary and secondary 
coils and no portion of it passed through the region occupied by 
the windings of wire ; but in an actual transformer the two coils 
are always placed as near together as possible, and nearly the 
whole of the leakage flux passes across the region occupied by 
the windings. We shall, however, calculate the value of the 
leakage inductance P on the basis of the idea that all of the 
leakage flux /, Fig. 205, encircles all of the primary turns, and 
that all of the leakage flux j, Fig. 205, encircles all of the sec- 
ondary turns; and, in calculating the total leakage flux, p + s, 
on this basis, we shall count only i//rth part of any portion of 
leakage flux which encircles i|«th of either coil. Thus lines 
of flux encircling one half of one of the transformer coils is equiv- 
alent to ^ji lines of flux encircling the whole coil. 

When we shall have calculated the total leakage flux, p -\- s 
(which is represented by the line ba. Fig. 206, and which is to 
be thought of as encircling the primary coil), due to a given 
value, (', of current in the primary coil and a corresponding 
current, )'" (= /' X N' j N"\ in the secondary coil, then the 
product of the leakage flux, p -\- s, times the number of primary 
turns N' is equal to the product of the inductance P times 
the current i', as explained in Appendix A, so that 

^/■=<-^±^ (i) 

n the following discussion it is convenient to consider the 
total leakage flux / -f- j in three parts, namely, the part ^' 
which depends upon the flux which passes through the region 



■ •iBi^«e«tfB 



a^Jtr*" 



oadaryooS, aod 
the coils so that 



/ + s 



- . i;t.ial flux passing betwee 



Figures 207 and 208 show dde and end vien's of a shell-t] 
transfonner of wtuch the primary' and secondary coils are not n 
terleaved. The trend of the leakaj 
flux is shown by the dotted lines i 
the upper part of Fig. 208 (omittt 
from the lower part of the figure fi 
the sake of clearness), and the dim 
sions J^, y, g. \ and / are to 
expressed in centimeters. Fig. i 
is an enlargement of the upper parti 
Fig. 208. 

Consider the flux, d<i>, whi 

crosses the primary coil between i 

i-iE.^ioo. dotted lines aa. Fig. 209 ; the cM 

plete path of this flux, as indicated by the dotted line, endi 

a fractional part xjX of the primary turns N' of which i 




GENERAL THEORY OF THE TRANSFORMER. 

magnetomotive force ^nri'y.xjX'KN'*. Ignoring the reluctance 
of the iron, the magnetic reluctance of the path of the leakage 
flux d^ is the reluctance, lj(\dx), of the air gap aa, of which 
the sectional area is \dx (counting both legs of the coils each 
of length \J2 as shown in Fig. 207) and the length is /. 
Therefore, placing d^ equal to magnetomotive force divided by 
reluctance, we have 

,, Avi'N'X 



-.xdx. 



but this flux d^ encircles the fractional part xjX of the pri- 
mary turns, therefore the fractional part xjX of d^ should be 




counted as encircling the whole primary coil. Representing by 
d^' this flux, xjXxdip, which is to be thought of as encircling 
the whole primary coil, we have 



Therefore the value of ^' is 



(iii) 



Similarly, remembering that JV'i' equals N"i" , we may 




D 
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^tn'N'XY 



The flux <^"' which passes between the coils Bpnxiacetll 
the full luaijiicUnnotive force ^-jrN'i' (or ^vN"^' which-* 
Minic tiling), and the air part of the m^nedc dn 




wliich <^"' passes has a length / and a sectional area X 
(counting both legs of the coils). Therefore 



^,»_ 4^''-^'V 



The total leakage flux, counted as if it all passed between tl 
coils, b *' + 4>" + *"' which b equal to / + j in equatic 
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(i). Therefore substituting the valu. 
equations (iii), (iv) and (v) for p + s 



of *' + a>" + *'" from 

in equation (i) we have 



„ 4-n-N'\YX y "I 



(29) 



Some leakage flux passes between the transformer coils where 
they project beyond the shell-type iron core. This leakage flux 
has a longer air-path than /, say three times /. Therefore for 
X we should take the total length of the coils lessened by, say, 
7^ of the length which is beyond the core. 




Equation "^29) expresses the leakage inductance in centimeters, 
and the right-hand member of this equation must be divided by 
10' to give P in henrys, all dimensions being in centimeters. 

When the primary and secondary coils are wound in sections 
and interleaved, equation (29) must be modified accordingly. 
Thus Fig. 210 shows the primary coil placed between two 
halves of the secondary. In this case equation {29) becomes 






X' Y' J\ 

T + T+^J 



(30} 



The dimensions X' , Y' and ^ are shown in Fig. 211, X being 
the length of the coils lessened by, say, ^ of the length of the 
portions which project beyond the core. 



ELEMENTS OF ELECTRICAL ENGINEERING. 



246 

Figure 312 is a sketch of a core 
dimensions which are to be used 
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type transformer showing 
in equation {30) to give 
leakage inductance, N' 
ing the total number of tui 
m both parts of the prim; 
coil, which part; 
posed to be connected in 
sent-s with each other, 

120 Combination of simple 
circuits which is equiTalent 
to a transformer delivering 
current to a given secondary 
receiving circuit, — In Art. 
100 it i-- shown that an ideal 
transformer delivering cor- 
rtnt to a receiving circuit of 
given resistance Ji and given 
reactance X is equivalent 
to a simple circuit of resist- 
ance r and reactance A' con- 
nected directly to the supply 
mains, where r=(N'jN"fli 
= {N'jN")-X. An 



and 



actual transformer delivering current to a given receiving circuit 
is equivalent to an ideal transformer combined with 
simple circuits, and this combination in turn is equivalent 
combination of simple circuits from which all transformer ac 
is eiiminatcd. 

Figure 213 represents an actual transformer delivering cur 
to a given receiving circuit ; Fig. 214 represents a combination 1 
simple circuits with an ideal transformer, which combination' 
equivalent to Fig. 213 ; and Fig. 215 represents a combinati 
of simple circuits which is equivalent to Fig. 213. In 
figures aiP represents the leakage reactance of the transforaier, 
R' the resistance of the primary coil, R" the resistance of the 
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secondary coil. A" the number of turns of wire in the primary 
coil. A"' the number of turns of wire in the secondary coil, R 
the resistance of the secondary receiving circuit, X the react- 
ance of the secondary receiving circuit, and gfi^ is the circuit in 
which the magnetizing current M may be thought of as flowing, 
,?■,£' being the power component of M, and b^E' being the 
wattless component of M, (See Art. 115). 

When R' and mP are small, the loss of voltage m R' and 




rig. 3 



mP, Fig, 215, is negligible, and the voltage across the circuit 
jf/, is sensibly equal to the supply voltage, whatever the load on 
the transformer may be, so that, the supply voltage being con- 
stant, the magnetizing current M is sensibly the same in value 
at all loads. In tliis case the combination shown in Fig. zr6 
reproduces the conditions of Fig. 2 1 3 with sufficient accuracy for 
most practical purposes, and in fact nearly all practical calcula- 
tions of transformers and induction motors are based on Fig. 216, 
121. The circle diagram of the transformer whea the secondai; 
receiving circuit is non-inductive. — It was shown in Art 38 that 
the locus of the current produced by a constant voltage in a cir- 
cuit of constant reactance and variable resistance is a circle of 
which the diameter is at right angles to (and 90° bel 
voltage. To vary the resistance R of the secondary 1 
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circuit (reactance X of secondary receiving circuit being zero) is 
to change the resistance in the main circuit of Fig. 216 without 
changing its reactance w/'. Therefore, for varying values of R, 
the locus of the load current P in the primary coil of a transformer 
is a circle, and the total primary current is the vector sum of P 
and the magnetizing current wliich flows through the shunt cir- 
cuit gfi^. This current locus is shown in Fig. 217, The line 
E' represents the constant primary voltage, the line M represents 




\ 



I irif., ..™) 



the constant magnetizing current, and the line /' drawn from the 
point O' to any point P on the circular locus represents a pos- 
sible value of the load current in the primary coil. The diameter 
0' D of the circle represents the current which E' would produce 
in a circuit of reactance a>P and of zero resistance, this diameter 
therefore represents E' jmP amperes. The total primary current 
is of course the vector sum of M and /' and it is represented by 
a line drawn from to P. This circle diagram is especially 
useful in induction motor calculations. 

122. Calculation of transfonner regulation. — Given a trans- 
former of which the leakage reactance aP, the coil resistances ^' 
and R", and the primary and secondary turns N' and N" are 
known. The transformer is operated with a constant primary 
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voltage E of given value, and it is required to calculate the 
secondary terminal voltage when the transformer delivers current 
to a receiving circuit of given reactance X and given resistance 
R. The effect of magnetizing current is entirely negligible, and 
to base the solution of this problem on Fig. 216 rather than upon 
Fig. 215 is merely to neglect the effect of magnetizing current 

Solution. — Calculate /' by dividing E' by the impedance 
of the main circuit in Fig. 216, remembering of course that the 
total resistance of the circuit is R' +{N' lN'yR"-if-{N' jN'JR, 
and that the total reactance of the circuit is aP -\- {JV'jN'yZ 
Having thus found the value of /', calculate the reactance 
voltage /'(^V7A^")=X and the resistance voltage /'{N'jN'JR. 
The square root of the sum of the squares of these two voltages 
multiplied by N"jN' is the required secondary terminal voltage. 

If tiie transformer load is reduced to zero the secondary tei- 
minal voltage rises to the ideal value (= E' ■ N" jN' ), and, by 
expressing the increase of secondary terminal voltage in per cent 
of the value of the secondary terminal voltage under load, we hav 
the regulation in per cent. 



CHAPTER XII. 



THE INDUCTION MOTOR. 

. The induction motor. — The induction motor consists of a 
mary member, to the windings of which polypliase * alternating 
currents are supplied, and a secondary member with short-cir- 
cuited windings. The primary member is generally stationary 
and it is called the stator, and the secondary member generally 
rotates and it is called the rotor. The stator windings are exactly 
like tlie windings of a polyphase alternator armature,t the alter- 
nating currents in these windings produce a rotating state of mag- 
netism in the laminated iron of tlie stator, this rotating magnetism 
induces currents in the short-cir- 
cuited rotor windings, and the stator 
magnetism exerts force on these 
induced currents and causes the 
rotor to revolve. 

The structure of the induction 
motor is shown in Figs. 21S to 222, 
which show the details of a small 
motor manufactured by the West- 
inghouse Klectric Company. Fig- 
ure 218 shows the cast iron frame 
for holding the stator laminations, 
Fig. 219 shows the stator lamina- 
tions assembled. Fig. 220 shows the stator complete with its 
windings, Fig. 221 shows the laminated core of the rotor 
mounted on its shaft, and Fig. 222 shows the rotor com- 
plete. The rotor shown in Fig. 222 is of the so-called squirrel- 
cage type, and its windings consist of heavy copper rods placed 
in nearly closed slots and connected at both ends to massive 

■The single-phase induction motor la described Inter, 
f Or like the windings of a direct-currw 
alternatinf- current connections of a synchronou 
351 




Fig. 2 ! 8 
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short-circuiting rings of copper. Figure 223 shows a complete 
three-phase induction motor, the three wires for supplying the 




FlE. 219. FlE. 220. 

three-phase currents to the stator are shown at the lower Ic 
hand side in the figure. 

In some cases, especially for induction motors of large 
the rotor is wound like a polyphase alternator armature, and i 
winding is short-circuited through an adjustable resistance. 





Fig. 224 shows a wire-wound rotor witli a device in its interior 1 
for varying the short-circuit resistance of the windings ; the KsS'M 
ance is usually controlled by pushing on a knob at the end of w 
rotor shaft In Fig. 224 the resistance is controlled by a Iw 
(not shown in the figure) which engages the ring-like projec 
on the short sleeve. Figure 225 shows a wire-wound rotoril 
the terminals of the winding brought out to three collector ri 
through which the windings may \ie, cawcvfetted ta an ( 




IM. Action of the Induction motor.* — The stator windings of 
ihc jjnlyphasc iueUictioii motor produce a rotatirij 
wliich nets ujxm the short-circuited rotor in the same way th^ 
the ritlur wmilil be acted upon by a mechanically rotated direct- 
curmit -excited field magnet, as indicated in Fig. 226. The action 
iif this mcchiinicfttly rotated field magnet upon the short-circuited 
rt»tt)r, AM liuliciited in Fig. 2Z6, is as follows ; Electromotive forces 
nn liuliu-cd in the rotor rods under the moving poles NSNS, 
these clcctrt-imotivc forces produce currents in the short-circuited 
nitor itidH, and the field flux pushes sidewise on tlie rotor rods 
bccaUHC of the currents in the rods, and thus exerts a dragging 
tonjuo upon the rotor. 

'/7ii- pnhiiii'tioH i>f rotating magnetism by tlte stator windings.— 
As stntcd above the stator windings are arranged exactly like the 
nmiaturc windings of a polyphase alternator armature. Figurt 

loriheaclionoftlieiiidm 
n, Art. 15. 
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227 is a diagram of a two-phase stator winding for the production I 
of four rotating magnet poles, a four-pole winding as it is called, 
_and Fig. 228 is a diagram of a, three-phase stator winding for the 
production of four rotating magnet poles. In each of these 
diagrams the complete connections are shown for one phase only, 
namely the A phase. The other phase, or phases, are exactly 




like the A phase. Tlie short radial lines in these diagrams 
represent the portions of the windings which lie in the slots of 
the stator iron, the curved lines outside of the radial lines repre- 
sent the connections at one end, and the curved lines inside of 
the radial lines represent the connections at the other end of the 
stator. The following discussion of the action of the stator 
windings applies to the two-phase winding shown in Fig. 227. 

From Fig. 237 it is evident that the stator conductors are ar- 
ranged in groups or bands, that is, a band of conductors belong- 
ing to the A phase, then a band of conductors belonging to the 
B phase, and so on, and it is also evident that the current of one 
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ise flows in opposite directions in adjacent bands of conductors 
r belonging to that phase. 

Figures 229, 330 and 331 represent an end view of a two- 
phase induction motor ; the rotor slots and conductors are omitted 
for the sake of clearness, and the bands of stator conductors are 
shown slightly separated from each other, so that they may be 
I easily distinguished ; before proceeding to the discussion of the 
action of the stator windings, however, it is necessary to consider 
I the effect of current in a batid of conductors between two masses 




of iron. This effect is shown in Figs. 232 and 233. The small 
circles represent the sections of the conductors, conductors carry- 
ing up-flowing currents are marked with dots, and conductors car- 
rying down-flowing currents are marked with crosses. The action 
cftke currents in these bands is to produce tnagnetic flux along tJie 
dotted lines in the directions indicated by the arrows. 

The lines A' and B' in Figs. 229, 230 and 231 are clock-dia- 
gram lines imagined to be rotating, and their projections on the 
fixed line ef represent at each instant the values of the currents 
which flow in the A bands and B bands of stator conductors 
respectively. 




-5S ZLEAIEXTS i)F ELECTRICAL. 
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?fg-230. 

At :he instant represented in FT^. zzg the curreiit in tbc /! 
iMknds :s at its :naxiniuni \iiiiie, the current m the B bands is 




Fig. 231. 



1/ 



tbtOf AttA the magnetic flux due to the stator windings at this in 
^tidA h fepredented by the dotted lines in Fig. 229. Where tb 
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flux passes from stator iron into rotor iron the stator iron has north 
magnetic polarity, and where the flux passes from rotor iron into 
stator iron the stator iron has south magnetic polarity. The loca- 
tion of these poles at the given instant is shown by the letters 
NSNS. 
When the lines A' and B' have rotated J^ of a revolution, 
shown in Fig. 230, the current in the A bands has decreased 
and the current in the B bands has increased, the two currents 
bve become equal in value, and the magnetic flux due to the 
stator windings has shifted, as indicated by the dotted tines in 
Fig, 230. 
When the lines A' and B' have rotated J^ of a revolution, 
shown in Fig. 23 1, the current in the A bands has decreased 



'^^^^^ 






j' to zero, the current in the B bands has increased to its maxi- 
[iiniim value, and the magnetic flux due to the stator windings has 
I shifted still farther, as indicated by the dotted lines in Fig. 231. 
' As a matter of fact, the magnetic flux due to the stator wind- 
ings shifts conlinuously forwards, and by comparing Fig. 229 
I with Fig. 23 1 it is seen that the forward shift of the polar regions 
■of the stator during ^ of a cycle (J^ of a revolution of the 
fdock diagram A'B') is equal to yi of the distance from N to 
S in Fig. 229. In a whole cycle, therefore, the forward shift 
of the polar regions is two times the distance from TV to 5" in 
Fig, 2 29 which is equal to the distance from N to N. That i; 
say, the stator magnetism makes a complete revolution in _ 
cycles, where p is the number of polar regions on the stator 
iron {NS NS in Fig. 229). Therefore, if the alternating t 
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rents supplied to the stator windings have a frequency- 
cycles per second, we have : 

— J (i'H 

in which « is the speed of the stator magnetism in revolution 
per second. 

The number of polar regions, or the number of poles as it is 
usually expressed, is equal to the number of bands of stator 
ductors in each phase of the stator winding. Thus each phase 
has four bands of conductors in Figs. 227, 228, 229, 230 and 
231, and the windings represented in these figures are therefore 
called four-pole windings (J> = 4). 

12s. Relation between speed and torque of the polyphase induc- 
tion motor. — When an induction motor is running at zero load, 
but little torque is required to drive it, and the rotor revolves at 
a speed but very little less than the speed of tlie stator magnetism 
(the speed of the stator magnetism is called the synchronous 
speed). The rotor cannot,* however, reach the full synchronous 
speed, because at synchronous speed the rotor conductors would 
move along with the stator magnetism ; there would be no elec- 
tromotive force, and therefore no current induced in the rotor 
conductors ; and consequently the stator magnetism could exett 
no driving force on the rotor conductors. 

When an induction motor is running with a load, the drivii^ 
torque must be large, so that the current in the rotor conductors 
must be large in order that the stator magnetism may exert the 
necessary driving force upon the rotor conductors ; therefore the 
induced electromotive forces in the rotor conductors must be suf- 
cient to produce the necessary rotor currents, and consequently 
the rotor must run appreciably below synchronism in order that 

* The e^ect of magnetic hysteresis in the rotor iron is to produce s certain llig^l 
torque the value of which is independent of the relative speed of stalor raagnelism and 
r, and this hysteresis lorqoe may, and in same cases does, bring the rotor of an 
tor up to full sytichronous speed when the motor is without load. 



THE INDUCTION MOTOR. 



261 



sufficient electromotive forces may be induced in the rotor con- 
ductors by the more rapidly moving stator magnetism. 

It is at once evident from the foregoing statement that the 
speed of the rotor at full load will be but little less than syn- 
chronous speed if the short-circuited rotor windings have a very 
low resistance, for, in this case, but little electromotive force need 
be induced in the rotor conductors to produce sufficient current 
to enable the stator magnetism to exert the necessary driving 
torque. If, however, the resistance of the short-circuited rotor 
windings is large, then the rotor speed will fall off greatly with 




; of load. That is, low rotor resistance b necessary for 
good speed regulation of an induction motor. 

If the magnetic flu.x <t> which enters the rotor from one of 
the polar regions of the stator were constant in value, that is if 
it did not decrease in value with increase of load, then the differ- 
ence between synchronous speed n and rotor speed n' would 
be exactly proportional to the torque to be exerted on the rotor, 
that is to say the speed-torque curve of the induction motor 
would be a straight line AB, as shown in Fig. 234, This is 
evident if we consider that to double the value of w — «' would, 
if 4> were constant, double the induced electromotive forces in 
the rotor windings, this would double the rotor currents, and the 
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doubled rotor currents would be acted upon by a doubled driv- 
ing force. 

As a. matter of fact, however, the flux * decreases with increase i 
of load because of the demagnetizing action of the rotor currents, 1 
and this decrease of 4" causes a two-fold decrease of torque inas- 1 
much as (a) it causes a decrease of induced electromotive forcea I 
and therefore a decrease of rotor currents at a given rotor speed,! 
and (i) these decreased rotor currents are acted upon by t 
reduced flux to produce a greatly reduced torque. A true spe 
torque curve of an induction motor is shown in Fig. 235. 




torque is zero at synchronous speed («' = «), and the torque 
increases, reaches a maximum, and then falls off as «' is de- 
creased. 

Break-down of the induction motor. — If the load on an induc- 
tion motor is increased until the motor develops its maximum 
torque, then any further increase of load will cause the motor ti 
come to a standstill. This phenomenon is called the breaking 
down of the motor. 

Use of a starting resistance in the rotor windings. — Imagine 
the rotor resistance of an induction motor to be doubled, then, if 
the relative speed, » — »', of the stator magnetism and rotor is 
doubled, the electromotive forces induced in the rotor windings 
arc doubled, the rotor currents are the same as before, and t 
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Irque is the same as before. Therefore the rotor speed which 
rresponds to maximum torque depends upon tlie resistance of 
: rotor windings, and the value of the maximum torque is inde- 
3ident of the rotor resistance. This is shown by the curves i, 
3, 4 and 5 in Fig. 236. These curves show the relation 
speed and torque of an induction motor whose rotor 
s are short-circuited through an adjustable resistance ; 
shows the relation between speed and torque when the 
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rotor resistance is very small, and curves 2, 3, 4 and 5 show the 
telations between speed and torque for greater and greater rotor 
distance. 
A certain value of rotor resistance gives the maximum torque 
3 rotor speed, as shown by curve S in Fig. 236, and iihcn 
1 induction motor is started it is desirable to increase the rotor 
istance so as to produce t/te maximum torque at starting; tiiis is 
Kdally desirable if the motor starts under load. 
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126. Relation between speed and efficiency of an induction motor. 
— Of the total power delivered to an induction motor, part is lost 
in heating the stator windings and in heating the stator iron on 
account of eddy currents and hysteresis, and the remainder is 
delivered to the rotor ; this power which is delivered to the rotor 
is partly lost in heating the rotor windings, and the remainder* 
appears as mechanical power in driving the rotor ; and this n»- 
chanical power which drives the rotor is partly lost in mechanit 
friction in the motor bearings and in air friction, and the remainder 
is delivered by the motor as its mechanical output Let us fir 
the present ignore all of the losses of pmvcr except tlie power lost 
lieating the rotor windings. 

Under this assumption all of the power delivered to the st 
windings is to be thought of as being used to produce the rotat 
stator magnetism, exactly as if this delivered power 
chanical power used to revolve an ordinary field magnet as indi- 
cated in Fig. 226, Let T be the torque which tliis revi 
field magnet exerts on the rotor, then of course the rotor 
and opposes the rotation of the field magnet with the same tort 
T, The power required to drive the field magnet at speed 1 
against this opposing torque T is equal to 2trnT,'\ and the 
power developed by the torque T in driving the rotor at speed ' 
«' is equal to 27r?i' 7", That is, the power input is 27rw!"andthe 
power output is 2trn' T, so that (ignoring the various losses above ^ 
specified, losses which are, however, by no means really negligible) 
the efficiency of the motor, output divided by input, is »'/«. 

Efficiency and rotor resistance. — According to Art. 125 ^ 
induction motor with a given load runs the more nearly at syn- 
chronous speed the less the resistance of the short-circuited rotor 
windings. Therefore the efficiency of the motor, which is ap- 
proximately equal to «'/«, is the greater the less the resistance 
of the short-circuited rotor windings ; and therefore, when pro- 

tEddy current and hysteresis losses in the rotor iron ore generally quite small toi 
(liese losses ste here ignored. 

•If T is expressed in poitnd-feet ami m in rei'olutitnis per second, then 2'nT 
expresses the power in foot-pounds per second. 
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ision is made for having a large rotor resistance at starting, as 

■xplained in Art. 125, it is very desirable to arrange for the cutting 

ut of this resistance when the rotor reaches nearly full speed, in 

to give high efficiency, and also to lessen tlie tendency for 

itiie motor to change its speed witli change of load. 

Relation between llie mechanical power developed in turning tlie 
rotor and the electrical power developed in the rotor windings. — 
The power 2irnT required to drive the " revolving field mag- 
net " against the opposing torque T, as above explained, is all 
delivered to the rotor, but the mechanical power developed in 
Hk rotor is zirn'T (less than iirnT), and the remainder, 
27rnT — 2irn'T, is the electrical power developed in the rotor 
■windings. Therefore, ignoring the lo.sses above specified, the 
'power P delivered to the stator of an induction motor, the me- 
chanical power P^ developed in the rotor, and the electrical 
power P^ developed in the rotor windings are proportional to 
«, «', and n — n' respectively, that is, 

P'-P^'-P, as n -.n' xn — n' 

Analogy between the induction motor and ike friction clutch. — 
A friction clutch, the two parts of which continue to slip on each 
other so that the driving part A runs continuously at speed w 
and the driven part B runs continuously at a slower speed n' , 
"is analogous in some respects to the induction motor. If we 
'^nore the friction losses in the two bearings at either side of the 
Iclutch, the total power required to drive the part A is 2ir-nT, 
,:^d the mechanical power developed in part B is zirn'T, where 
Vr is the torque with which the driving part A drags the 
jidriven part B ; and the difference, 2irnT — z-tth' T is the 
benergy developed as heat where the slipping occurs. The 
^efficiency of transmission of such a clutch would evidently be 
[equal to Ti' jn. 

\ 127. Rating of Induction motors. — An induction motor is al- 
nrays rated to carry a specified load in horse-power when sup- 
plied with a specified number of phases of alternating current at 
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a specified frequency and a specified voltage per phase, and in 
addition, either the speed or the number of poles is given. Thus, 
one would speak of a ten horse-power, two-phase, four-pole, 6o 
cycle, 220-volt induction motor. 

To overload an induction motor, frequency and voltage of 
supply being normal, causes the motor to take excessive current 
at a reduced power factor, and the motor runs at a slightly re- 
duced speed. Excessive overload causes the motor to break 
down as described in Art. 125. 

An induction motor may be operated quite satisfactorily at a 
frequency or voltage considerably different from normal. A 
change of frequency produces a proportional change of speed; 
and a change either of voltage or frequency causes a change in 
thevalueof the magnetic flux ^ which emanates from each polar 
region of the stator iron, a change in the magnetizing (zero-load) 
current, and a change in the eddy current and hysteresis losses 
which losses occur chiefly in the stator iron,* 

The behavior of an induction motor when it is operated by an 
abnonnally high or low voltage is especially important. In fact 
the torque that is developed by an induction motor at a given 
relative speed, « — «', of stator magnetism and rotor is approx- 
imately proportional to the square of the voltage. This is evi- 
dent when we consider tliat to increase the voltage in the ratio 
of I to i causes the same ratio of increase of flux "!>, of rotor 
electromotive forces, and of rotor currents (for given value of 
K — «') ; but, since the torque is proportional to the product of 
flux and rotor currents, it is evident that the torque is increased 
in the ratio of i to P. 

128. The starting of the induction motor. — {a) Small inductioH 
motors with squirrel-cage rotors are nearly always started by con- ! 
necting their stator windings directly to the polyphase supply \ 



(i) Large induction motors with wire wound rotors are usually 

*See G. B. Werner, On the effecl of voltage and frequency variations on induction 
rfonnance, Eiittric Jaurrml, Vol. Ill, pi^e 400, July, 1906. 
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started by inserting resistance in the rotor windings, as explained 
in Art. 123 (Fig. 224). The advantages of using a high resist- 
ance in the rotor windings at starting are (a) that the starting torque 
is thereby increased and {d) the stator currents at starting are 
reduced in value. 

(f) T/ie starting compensator 
consists of two or three auto- 
transformers (two for two- 
phase supply and three for 
three-phase supply) with 
switches arranged for conve- 
niently supplying the motor 
with low voltage polyphase 
currents at starting, which 
voltage is increased in steps 
as the motor speeds up, until 
finally the full supply- voltage 
is connected to the motor. 
The objection to the use of 
the starting compensator is 
that the starting torque is very 
small when the voltage is 
small ; indeed, the stalling 
compensator can scarcely be 
used in the case of a motor 
which is to be started under 
load. The advantage of the 
starting compensator is that 
the motor takes very much 
smaller currents from the sup- 
ply mains at starting than it 
would if connected directly to 
the supply mains. 

The starting compensator is nearly always used when it is de- 
sired to start a polyphase alternator or a polyphase synchronous 
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converter by inherent indtKtion moCor actioo, as 
Art 132. 

Figure 237 shows the interior of a 

pensatiH- in the lower paitrf 
which is a cyKodcr switcli tai 
making the successive o 
dons above mentiofied 1^ 
ure 238 

connections of a three-phase 
compensator in which one in- 
termediate voltage is proWded 
for. To start the motor, switch 
S' is closed, and then switch 
5 is closed on the starting 
side, thus connecting the low 
voltage taps of the compen- 
sator to the motor. When the 
iw vottait Uf motor reaches a moderate 

speed, switch 5 is suddenly 
*""■ *^^- thrown to the running side, 

thus connecting the full supply voltage to the motor, and then 
Hwitch S' is oix:ned, leaving the compensator entirely discon- 
nected. The trip coils actuate a trigger which opens a circuit 
brcnkcr if the current exceeds a prescribed value, 

188. Speed control of the induction motor. — The speed ; 
the Htutor nuignctism of an induction motor is fixed by the fre- 
quency / of the alternating-current supply and by the arrange- 
ment of the stator windings (number of polar regions on stator). 
Therefore tlie zero-load speed of an induction motor, which isO 
course equal to the speed of the stator magnetism, is invaiiabls; 
unless the freciuency of supply or the arrangement of the statot 
windings is changed. 

On tlie other hand, the rotor speed n' of an induction motel 
with given load may have any value between zero and nom 
full speed if the rotor resistance is increased to the proper val 
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FThere are therefore two feasable methods for controlling the 
speed of an induction motor which is supplied with alternating 
currents at a given frequency, namely, (a) To arrange the stator 
windings so that they may be changed quickly from, say, a four- 
pole winding to an eight-pole winding by means of switches, and 
(i) To bring out the rotor windings to collector rings, as shown 
in Fig. 225 and short-circuit the rotor through externa! adjustable 
resistances. 

The difficulty with the first method of speed control is that the 
arrangement of the stator windings becomes very complicated if 
more than two speeds are provided for ; and the difficulties with 
the second method of speed control are («) that the motor is very 
inefficient at low speeds, and (i^) that the speed varies greatly with 
the load when the rotor resistance is great enough to give a low 
speed with a given load. 

130. Use of the induction motor as a frequency changer. — If 
we consider that the effect of the stator windings of an induction 
motor is to produce a rotating state of magnetism which acts 
upon the rotor exactly as would a mechanically revolving field 
magnet, it is evident that the electromotive forces in the rotor 
windings are zero in value and zero in frequency when the rotor 
speed is equal to the speed of the stator magnetism, that the 
rotor electromotive forces increase in value and in frequency as 
the rotor speed decreases, that when the rotor stands still the 
frequency of the rotor electromotive forces is the same as the 
frequency of the alternating currents supplied to the stator wind- 
ings, and that the rotor electromotive forces are still further in- 
creased both in value and in frequency if the rotor is driven 
backwards by an external source of power. 

Under the ordinary operating conditions of an induction motor 
the rotor speed k' is nearly equal to the speed « of the sta- 
tor magnetism. In this case the rotor electromotive forces are 
small, their frequency is very low, and the amount of electrical 
power developed in the rotor windings is but a small fraction 
[(« — «')/"'] °^ *^^ mechanical power developed in the rotor. 
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When, howevtr, n and «' are very difleretit, that is when 
the relaliw speed n — n' of stator magnetism and rotor is large, 
then the rtitor electromotive forces are large, and if the rotor 
windings are bruugtit out to collecting rings as shown in Fig, 
225 tile mtor may deliver a very considerable amount of elec- 
trical ix>wcr to external receiving circuits at any desired frequenc)'. 
When an induction motor is used in this way it is called a/'v- 
i/MtHt'^ cAaM^er, As usually employed the frequency changer is 
used t\i change a low frequency alternating-current supply, say 
35 cycles per second, to a higher frequency, say 60 cycles per 
second for ofKrating electric lamps. When so used the rotor 
of the fre»iuenoy changer is driven backwards by a synchronous 
motor or by an induction motor taking power from the low fre- 
quency supply mains. 

When the rotor runs backwards the relative speed of stator 
nin^tnctlsni and rotor is w -|- «' and the frequency of the rotor 
electromotive forces is (« -I- «')/" times the primary frequency. 

In order to determine the relation between the electrical power 
delivered to the stator of the frequency changer and the mechani- 
cal power required to drive its rotor backwards at speed ?i', let us 
consider the lor<iue action T between stator and rotor, and let us 
for n moment think of the stator as a mechanically revolved field 
magnet. Then, ignoring losses, 2Tr/iT is the power supplied 
electrically to the stator, 37r«' T' is the power supplied mcchaii- 
icalty to the rotor tn driving it backwards at speed «', and 2ir 
(« + «') T is the electrical power developed in the rotor windings. 

Hxnmf<if, — A four-pole, three-phase induction motor has a 
^-connected stator winding supplied from 25 cycle, 220-vo!t, 
tlircc-pliosc mains. The rotor winding is also three-phase, it is 
A-connected to the collector rings, and it has the same numt>et 
of conductors as the stator winding, so that when the rotor is 
standing still the voltage between the collector rings is 230 volts. 
The speed of tlie stator magnetism is i2J^ revolutions per sec- 
ond, the rotor is driven backwards at a speed of 17 J^ revolutions 
per second ; and, therefore, the rotor frequency is 60 cycles pel 
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second, and the voltage between collector rings is 528 volts 
[= (« + «')/« X 220 volts]. Suppose that the rotor delivers a 
total electrical output of 100 kilowatts, then, since electrical 
output of rotor : electrical intake of stator : mechanical intake 
of rotor as w + n' :«:«', it follows that 417^ kilowatts of 
power is delivered directly to the stator windings from the 25 
cycle mains, and that SSJj kilowatts of mechanical power is de- 
livered to the rotor by the motor which drives it. 

131. The induction generator. — When the rotor of an induc- 
tion motor is driven at a speed n' which is greater than the speed 
n of the stator magnetism, a torque T is developed which opposes 
the motion of the rotor, so that mechanical power amounting to 
2-rrti' T must be used to drive the rotor. A portion of this me- 
chanical power appears as electrical power developed in the rotor 
windings, and the remainder 2irnT is delivered to the stator, 
where, ignoring losses, it is delivered to the alternating-current 
supply mains in the form of alternating-current output from the 
stator windings. When used in this way the induction motor is 
called an induction generator. To operate as a generator the in- 
duction motor must be connected in parallel with an ordinary 
alternator. 

132. The starting of the polyphase synchronotis motor (or con- 
verter) by inherent induction motor action. — The windings of a 
polyphase alternator armature are like the stator windings of an 
induction motor, and the polyphase current in such an armature 
produces a rotating state of magnetism in the armature core 
exactly as the stator windings of an induction motor produce a 
rotating state of magnetism in the stator iron. 

When an alternator is in operation either as a generator or as a 
synchronous motor or converter, the magnetism due to the arma- 
ture currents rotates with reference to the armature structure in 
a direction opposite to that in which the armature rotates,* and at 
the same speed as the armature. Therefore the armature mag- 

• This statement is iDflde to refer to the machine with staliomuy field and rotating 
for the sake of simplicity. 
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netism due to armature currents is stationary in space (see Arts. 
63 and 65). 

If polyphase currents are connected to the armature of a poly- 
phase alternator or synchronous converter at stand-still, the ro- 
tating magnetism produced in the armature core acts upon the 
field structure in the same way that the rotating stator magnetism 
of an induction motor acts upon the rotor. The torque action 
between the armature and field of the alternator under the above 
conditions sets the armature into motion, the armature increases 
in speed until it is nearly in synchronism, and the slight torque 
due to hysteresis causes the speed to come up to full synchronism. 

This induction motor action is frequently used in the starting 
of polyphase synchronous motors and converters. The poly- 
phase supply volti^s are reduced to a fraction of the normal 
value by means of a starting compensator (see Art. 1 28), and 
connected to the armature terminals of the polyphase machine. 
The armature being entirely free to rotate, speeds up and reaches 
full synchronous speed as above explained, then the supply voltage 
is increased to its full value, and the field magnet of the polyphase 
machine is then excited by closing the field switch. 

The rotating armature magnetism produces a pulsating flux 
through the field coils of a polyphase machine, which is being 
started in the manner here described, and this pulsating fiux 
induces a very large electromotive force in the many turns of 
wire which constitute the field winding. To avoid the rupture 
of the insulation of the field winding by this large electromotive 
force, a multi-pole switch is arranged to break the field circuit at 
a number of points so as to avoid the accumulation of the total 
induced electromotive force at the terminals of the complete 
winding where it would endanger the insulation. 

133. The single-phase induction motor. — The polyphase induc- 
tion motor, once in operation, continues to run and carry a mod- 
erate load when all of the stator windings (phases) but one are 
disconnected from the supply mains. When so operated, th(! 
^ induction motor is called a single-phase induction motor, " 
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curve A, Fig. 239, shows the relation between torque and speed 
of a two-phase induction motor with both phases connected to 
the supply mains, and curve B shows the relation between 
torque and speed of the same motor with but one phase connected 
to the supply mains. This figure shows that when driven by 
single-phase current {at normal voltage), the motor runs at a 
slightly lower speed to develop a given torque, it shows that the 
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magnetism and rotor induces electmDoCne fcmxs m die nbR 
windings, these induced electromotive fbrcxs p ffcxto c 



the rotor, antf tlu magnttimng acHon of &ae rvtor tmtftmit 
baianctd by the tqual and opposite magae&OMg ac^an <f ai^am 
currents in the Ualar windings, exactly as in a tiansibfiDCT of 
which the nccondary delivers current to a receivnig drcoit; da 
adilitlonal current in each phase of the stator winding is ctll^ 
the had current and it is represented in the following 
by the letter /'. 

.SYi/. — In connidering the action of the induction motor under 
load, It is convenient to express the relative speed n 
Ntator magnetlKm and rotor in terms of the speed « of stator 
mit^nctlsm (synchronous speed as it is called) taken as unily. 
When »o expressed the relative speed is equal to (a — V)/i 
\% called the iiip of the motor, and it is represented in the fol- 
lowing dlHCiiHoion by the letter j. It is well to think of slq) 
l)lwii>'H as siKnifying merely the relative speed of stator mag- 
nctliim and rotor, and much confusion of thought may be 
nvoltlcd by remeniberiiif; that the slip of an induction motor is 
unually less than unity, being zero when the rotor runs at syn- 
ohronoui Bpecd and being equal to unity when the rotor stands 
still. 

Energy trdHs/ormations in the rotor of an induction motor. — 
To reduce the action of an induction motor to an entirely eqiii^'a- 
lent transformer action, it is necessary to consider the energy 
tranxformationM in the rotor ; and in order to consider these 
traniiforniation!* in the simplest possible way, let us return to the 
conception of the stator of an induction motor as a mechanical^ 
rotatcil field magnet. From this point of view, to assume t 
the rotating field magnet is without friction or other losses ii 
asHumc that the total power, 2'K'iT, required to drive it against 
the torque T with which tlie stator and rotor act on each otha, 
is the total power actually delivered to the rotor. Of this 
power a portion 2ith'T appears as mechanical power drrvioli 
the rotor, and the remainder 27ra7"— 2'n-?/'7'[= 2'jr(« — «*)/] 
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appears as electrical power m the rotor windings.* Therefore 
the total power delivered to the rotor, the mechanical poiver devel- 
oped in the rotor, and the electrical power developed in the rotor are 
to eetch other as n:n' •.7[— n' , or as i : \ — s:s. 

Equivalent transformer action of the induction motor. — If an 
induction motor is running at a given slip (with a given load), 
then the rotor electromotive forces, the rotor currents, and the 
magnetic flux ^' which enters the rotor from a polar region of 
the stator all have definite values, although the flux *' is less 
than the flux * which leaves a stator pole, on account of mag- 
netic leakage. However, the difference between "t and *' 
depends only upon the values of stator and rotor currents. This 
may be seen from Fig. 241, 
inasmuch as the leakage 
flux ^ — ^' which passes $-{ 
between the stator and rotor 
windings may be thought 
of as produced by the 
down-flowing currents in 
the A conductors and the 
up-flowing currents in the 
B conductors. The stator 
and rotor conductors are 
shown as covering only a 
portion of the periphery 
in Fig. 341 for the sake of clearness. 

Now, suppose that the rotor is brought to a standstill (slip = 
unity), and suppose XhaX the flux ^' remains unchanged in value, 
then the electromotive forces induced in the rotor windings would 
be increased in proportion to the increase of slip {s:i) and, if ike 
resistance of lite rotor windings were increased in the smne ratio, 
the rotor currents would be the same as before, and 4'' would in 
fact be unchanged, 

♦This ignores Ibe eddy cnrrent end hysteresis losses in the rotor iron, and these 
losses are usually quite small because of the low frequency of the reversals of the 
magoetisin of the rotor iroo. 
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Therefore every detail of action of an induction motor running 
at slip J would be reproduced at standstill by increasing the rotor 
resistance in the ratio i js ; except that while running, the power 
delivered to the rotor consists of mechanical power and electrical 
power in the ratio of \ — s to s, whereas at standstill, although 
the same total power would be delivered to the rotor, it would 
all appear as electrical power in. the increased resistance of the 
rotor windings. For example, the action of an induction motor 
running at ^^ slip would be reproduced as pure transformer action 
at standstill if the rotor resistance were increased twenty times, 
the action of an induction motor running at -^^ slip would be 
reproduced at standstill if the rotor resistance were increased ten 
times, and so on. That is, the larger the slip (the larger the 
load on the motor) the less the rotor resistance would have to be 
at standstill to reproduce the details of the induction motor acti'on 
as pure transformer action, or, in other words, the heavier the 
motor load the heavier the load on the equivalent standstill trans- 
former, the variations of load on the equivalent standstill trans- 
former being due solely to changes of secondary (rotor) resistance. 
136. The application of the circle diagram to the induction 
motor. — Since the action of an induction motor with varying load 
is equivalent to the action of a transformer (the equivalent stand- 
still transformer) with varying secondary resistance, it is evident 
that the circle diagram of the transformer, which represents the 
action of a transformer with non-inductive secondary receiving 
circuit of variable resistance (see Art. I2i), may be used to rep- 
resent the action of the induction motor. 

Determination of the circle diagram by experimental tests on a 

given motor. — The magnetizing current M in each phase of the 

stator winding may be determined by driving the motor at zero 

load, the effective value of M being measured by a properly 

I inserted ammeter, and the phase difference, 8^, between E' (of one 

Iphase) and M being calculated from the measured values of E', 

■-and M, together with the power E'M cos 9^ as measured by a 

§ Wattmeter. Lay oiT the line OM, Fig. 242, representing to scale 
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: msgnetizing current so determined, and we have one point M 
on the circular locus of the stator current (per phase). 

Another point on the circle may be determined by measuring 
the stator current and the power delivered (per phase) at any 
load or at standstill. Thus, if the stator current per phase and 
power per phase be measured at standstill, the line OF repre- 
senting the stator current per phase at standstill may be laid off 
1 the same way as tlie line OM, as above explained. 

Knowing the two points M and /* on the circle, and know- 
ig that the diameter of the circle is a line passing through M at 




right angles to OE , aline P'P" may be drawn through /" at 

right angles to MP' , and thus the diameter j1/P" of the circle 

^Js determined. The circle may then be drawn. 

^B In order to use the circle diagram for calculating the perform- 

Hwice curves of an induction motor it is necessary to measure the 

resistance R' of each phase ofthe stator winding and to determine 

y/hzt \s, caWed t/ie equivalent resistance R" of the rotor per stator 

phase. If the rotor were wire-wound with the same number of 

conductors per phase as the stator winding, then R" would be 

the actual resistance of each phase of the rotor winding ; in this 

case the current in each rotor phase would be equal to the load 

irrent /' in each stator phase and the rotor RP losses would 

; qR"I'^, q being the number of phases. The equivalent rotnr 
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resistance H" per stator phase is defined in any case by tiie rela- 
tion : Actual rotor Rl* losses = qR'T^, in which ^ is the 
number oF stator phases and P is the load current per phase is 
the stator. 

The value of I^' may be calculated from the measured cur- 
rent and power input per stator phase at standstill as follows, Jf 
having been measured. The core loss per phase at zero load 
equals OM x E' minus R' x OM . The core loss is assumed 
to be the same at all loads. The measured power input per 
phase at stand-still minus the core loss per phase tmiius 
R' X OP"' (see Fig. 242) is equal to the rotor RP loss per 
phase at stand-still, and this is equal to R'T^ where V is the 
current represented by Mf. 

Use of circle diagram for calculating the performance curves 
of an induction motor, — Having determined the values trf 
R' and R", the perfonnance curves of the induction motor 
may be determined from the circle diagram as follows : Take 
a aeries of positions of the point P on the circular current 
locus, and for each position make the following calculations 
Motor intake equals OQ y. E' x q where q is the number rf 
phases. Power factor of motor equals the cosine of the 
POE, The power a delivered to the rotor equals ^O^xi^X J 
Mf'ffMJtcore loss per phase x qininuslR' x O/ioAEIecCTical power 
b developed in rotor equals R" x Mf^ x q. Mechanical power 
developed in rotor equals difference between a and b. Motor 
slip may be found from the relation ii =■ sa, and motor speed K* 
is then known since synchronous speed n is known. Efficicnty 
equals a — b divided by total motor intake. Torque may be 
found from the relation zirnT= a ; this gives the value of the 
torque in \vatts per unit angular velocity, that is in watts per 
radians per second. The value of torque may be most conveni- 
ently expressed in terms of the power a direcdy, which is the 
power in watts that the actual torque would develop if it were to 
drive the rotor at synchronous speed, that is to say. the value of 
a expresses torque in " synchronous watts " so called. 
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Example. — The curves in Fig. 243 represent the results of the 
ibove calculations on a 5-horse-power two-phase induction motor, 
he abscissas represent power output in watts, and the ordinates 
f the various curves represent the corresponding values of speed. 
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Fie- 244- 
kaogram-meters. In this case, ho»-ever. the calculations are ejt- 
tended above synchronous speed, nherc «*>■«; and below 
still, where n' is negative. 

137. Detcnniiutiiui of Uw dide duztam by calcoUtion fran the d*talla< 

de«^ of M indnction motor. — In order \o detemiof the circle di>gtun it is » 
mrj lo delennine the phase ind valoe of the tMgneliring carrent, M, in each a 
windine, ■nd W detennioe ihe dkmeter of the areolar curroit locus. By refe 
lo Arts. I» "id "« it ■"*" be seen that the diwnetei of the circular cumnl- 
i> the carrent which wooid flow through each stator winding (the primary cml) if 
rewitance in ibe main circuit shown in Fig. ii6 or in Fig. 151 were zero and onlj 

r«urtar>ce X doe to magnelic JeaVage were left That .s. the diameter of the dl 

U.locu.Ue.luallo E'\X, and lo determin. 

maijnetic leakage reartance X of the 

current-locus bus beeu determined, it i^ nece«ary 

K' of each Malot "'nding "^d the equivalent 



t calculate the valae 
a windings pet pha^e. When the 1 
r to know the value of the re: 



ph«u 

odii 



!«;(oI 



, ihe circle diagram c 



1 be used for calcnlatii^ the perfor 



tlie motor, _._-,(riBff conMit per pli*M.— The calcuIaUon of Ihe 1 
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flnx 4 emaoaliDg from the polu ic^on of the stahH, and froni this the oJcolatioa ot 

IX density in the gap space ander Ibat sUloi looth which happcm el a given tn- 

o be JD the center of s polar npoa, (i) The calcalalion of the power 

M of Ihe magnetiiing cmrcnt p« phase, and ^.■) The calculation of the vattlen 

■Dponent M'h of the magaetiuiig cturtnt per phase. 

Id the calculalian of the power compoQcat of the magneCiiiiig cancDt the reiistaiice 

I APR' in each stator windiBg will be ignored, since both .V and R' are bitlj 

a igDore the resistance loss is lo assume that the only power delirered by the 

^etiiing current is the eddy current and Ihe hyslcresis I0&& in the si 

In the calculation of the wattless component of the mngnetiiing current the reluc- 

e of [he stator and tolor iron will be aegiecled on account of relatively large re- 

:e of the air gap. 

(a) Calculation offiux *. — When Ihe rolor mns at synchronous speed the elec- 
force induced in each stator winding by the rotating stalor magnelism is 
miblj eqoal to E', inasmuch as the eleclromolive force MR' rc<iuired lo force the 
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K of die polar r^jicm of Ibe staloi, u sbtxni in Fig. X45, id whid 
FOlar imfatx* arc rtpieientn] la being flat. Tbe ordinales of the sii>4 
cone repnscol the Box denjilies ( RUdia jhu- otiutfiW, the Bni being considered ^lj 
not Ooocenlrated in talis imdrr (be Uaiot tectb) in the gmp space at Tarioos pinnts im: 
tbe polar regioo. Let /be the breadtli of the polar tegion as indicated in the tigor^, 
and let >. * be tbe length of stator and totOT iton parallel to tbe tnolor sbafL Tl> « 
average flux densitji over the whole polar i^ion is equal to two times the maiimuis:! 
Hdi deiuit]' (maiimom mtan floi deo^ty Is here referred to, toits assumed not tc 
eiin) dirided by ir, inasmuch as the distributiaa is harmonic ; but the aierage Bilk 
density over the whole poUr area is ♦/a/, therefore the maiimum flui density (irre- 
spective of concentration of lines of foiceas tofts unde tator teeth) is 7!*/2W. 




Re. 2*6. 



Figure 346 represents a portion of ao induction motor, N being the 
a north polar region and S the center of a south polar region at a givei 
The mean flui density in the gap space at A' or S is jr*/(jA/), / being Ihedif 
tance from JV to S measured along the gap space. Tbe flui density 
a atator tooth at A" or 5 is t*/(2W)X (' + 0/'. '«^^^ ' " the width of 
stator tooth and i is the width of a stator slot. The flux density in 
of the slator core is equal to J4 divided by iy. 

(i) Calculation of powtr compotunl of magnetizing current. — The product rfi 
the supply voltage by the power component of the magnetizing current per phuei 
equal to (A + A)/? where /". 4- A is the lotalloss of power in 
dueloeddy currents and to hysteresis, and q is the number of stator phases. Kim"- 
ing the maxitnum flux density in (he stator teeth, the volume of iron 
lecth, the thickness of the laminalions, and the primary frequency f Ihe eddy-cV 
rent and hysteresis tosses in the stator teeth may be calculated as explained h 
t03 : and, knowing (he maximum flux density in portion y of the statm ira 
volume of this portion of iron, (he thickness of the laminations, and the freqi 
the total loss in Ihe portion y of the stator iron may be calcalaled. 
JW, = (/•. + A)/(?£'). 

(fl CalcuUiHan ef tearlless compaHtnl of the magnetising furrenl. — The 
less component of the magneliiing curteni is assumed to supply the magoi 

•All dimettiions expressed in ceDtimeters. 
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tee required to oTeicoroe the reluctance of the magi 
tifsrljill in the air gap, and the reloclaoce of the i: 
mj be neglected. Therefore the total mognetomoliv 
pooenl of the magneliiing cortenta in all of the slalo 
e force fequired to force the flui 



:tic circuiL This reluctance is 
n part of the mBgnetic circuit 
force due to the walllcss com- 
phasea ia approximately e<^ual 
gap, and 



this is equal to twice the length g of the gap space multiplied by the flui density under 

aslalortoolh in the middle of a polar region, (hat is to 2ffX''*l{^'0X (' + ')/'■ 

For the case of a two-phase slator winding let us consider the instant when the 

other winding. This actual current Vzj)/. in flowing through the Z/(a/) stator 
conductors in one band supplies the magnetomolive force aj X''*/(2W) X[f+')l' 
so that 

4!r Z ^„ B-* t+!' 






V") 



in which Af^ is the effectlTe valae of the wattless componenl of the magnetizing cut- 
rent in each phase of atwo-phase stator winding, Z is the total number of sfator con- 
ductors, / is the number of stator polar regions, ff is the radial length of the air 
g3p, i is the total Sax emanating from a polar region of the stator, X is the length 
nf the slalor and rotor iron patftllel to the motor shaft, / is the distance between adja- 
cent polar regions (A' and S) of the stator, / is the breadth of a sUtor tooth, and 
I is the breadth of a sUlor slot. This assumes that the rotor slots are nearly closed 
so that the eFfeclife area of the gap space is at all times sensibly equal to the area of 
the ends of the stator teeth. 

For the case of a three-phase stator winding let us consider the instant when the 
magnetizing current iV. is at its maximum value Vz^> in one phase and at half- 
maiimum Af„/ Vz in the other two phases. At this instant the three bands of stator 
conductors, each having 2/(3/) conductors, work together to supply the magneto- 
motivc force_2j-X T*/{z^/) X (' + j)/'- The ampere-turns in the respcCtivE bands 
are «,/ ^'2 X 2/(3/). -ii M.X Z I {^p) , and ^„/ V* X 2/(3/). w that the 
aggregate is 2 V* Jtf'«.2/(3/)). Therefore we have 



B&om 



t'iijlf^- 



= =^'- 



(ili) 



which the value of M^ may be calculated. 
Caltmlatioti of magnetic leakage leactauce pei phase. — The magnetic leakagi 
nf an induction motor, that is, the passage of magnetic flux between 






*The effect of a concentrated st 
bands of prescribed width, in n 



winding, or of a stator winding distributed in 
ng a harmonically distributed flux should in 
■mulated in a manner involving a " phase constant " of distribution of 
the winding. The correct theory is very much like the theory of electron 
which is developed in Art. 6i. It wonld be of no practical use, however, to develop 
the relined theory of m^netixtng action. Equation (ii] gives an 
and equation (iii) gives an under estimate of Afy,. 
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rotor windings, is equivalent in its cifecls to a certain amount of extercal induclaoce 
P (or a certain reactance u/") connecled in series with each of the stator windings, 
exactly B£ in the Iransfonner as descrlhed In Arts. 117 and 1 iS. 

Figure Z47 shows a stator slot S and a rotor slot R, the rotor being supposed 
to have the same number of slots as the stator, and the dotted lines / and t' in Fig. 
247 are the center lines of adjacent stator and rotor teeth. The magnetic reluctance 
of the iron is entirely negligible in comparison with the reluctance of the long air 
paths through which the leakage flux passes, and the only influence of the windings 




adjacent rotor slots) 

itirely negligible inl1u< 

lows: If one 



each Qther, in so far as magneti 
mce which may bt 



fol- 



dered, 

OS shown io Fig. 247, then the leakage dux in 
the very narrow gap space comes out of the 
iron at t and Hows into the iron again at f, 
whereas, if a whole band of slots is considered 
simultaneously the leakage flux at / and t' 
continues straight along the air gap, as shown 
in Fig. 347. Any flux crossing the gap space 
at / and (' would encircle both slots 5 and 
R and would not be leakage flui. Therefore 
the discussion of magnetic leakage may be 
based upon the consideration of a single pair 
of slots S and R, as shown in Fig. 247. If 
the number of rotor slots is greater (or less} 
slots, then the e: 



than the number of st 
method of procedur 
rotor slots are the sac 



! that the 






I^I P, be the inductance equi 
and rotor slots. Then the induct: 
n is the number of stator slots per phc 
being connected 



creased (or decreased) in width both at lop 
and at bottom, in proportion to the assumed 
decrease (or increase) in the number of n 

lent of magnetic leakage across one pair of statoc 
equivalent per phase is equal to nP, whe 



:, all of the f 
and the reactance equivalent of 11 



agnetic leakage 



The 



itance eqnivalent of the magnetic leakage across one pair of st 
slots is given by the equation : 



(ifj; 



JD wfaicb N' is the number of wires in nne atator e 
current in the stator winding, and *', ** and $*' 
leakage flux corresponding to the current 1' as explained below. 

The actual leakage flux consists of three parts, namely, the flux 0, Fig. 247, which 
crosses the stator slot lAroujfh the winding of wire, the flux b which crosses the rotor 



any assigned value el 
three equivalent parts of Ifat 



B^ 



slot through the wiodiDg of wire, and the Dux V which crosses between thesUtor 
and rotor windings. The flux a is equivalent to a certain Rux <t>' closing hetween 
Ihe windings, and the flui b is equivalent to a certain flui ■*" crossing between the 
windings exactly as described in Art. 119, and Ihe values of V and ^ are given 
by the equations of Art. 119, namely. 



(0 

■i'N'> V 



3? 



(vi) 



> 



in which J^ is the number of conductors in one stator slot, A is the length of stator 
and rotor iron parallel to the motor shaft, and X, V, s and i' arc the dimensions 
shown in Fig. Z47, all being expressed in centimeters. 

The value of the flux *'" which actually crosses between the coils may be roughly 
calculated from the length and section of each part of the air path through which i"' 
passes, the magnetomotive force producing *'" being 4ir/loX ^'>'. 

It is evident that any accurate estimate of *"' is impossible. In fact the value 
of *'" for a given value of 1' varies considerably as the rotor slots sweep past the 
stator slots, for, at certain instants the staler teelh bridge aeross the openings of the 
rotor slots, and the broad ends of the rotor teeth bridge across the stator slots. This 
variation off" for a given current means that the inductance equivalent of magnetic 
leakage is a pulsating inductance, the frequency of the pulsations being equal to the 
product of the rotor speed times the number of rotor slots. 

Calculation of eqniTilent redsUnce of the rotor per atator phase. — If the 

rotor were wire wound with the same number of phases and the same number of con- 
ductors per phase as the stator winding, and if each one of these rotor phases were 
short circuited on itself, then the short-circuit resistance R" of one of these rotor 
phases would be the value of R^' 10 be used in the calculation of performance curves 
from the circle diagram. In practice, however, the rotor frequently has a squirrel- 
cage winding, and in this case the value of R" may be deljned as that resistance which 
mnltiplied by the square of the load current /' in one stator phase will give I jg of the 
RI* losses in the rotor, where q is the number of stator phases. To determine R", 
therefore, it is necessary to find the rotor RI' losses for a given value of load current 
]n the stator. For this purpose the rotor may be supposed to be stationary, with the 
value of load current flowing in each stator phase. Under these conditions let 
w consider the rods of the rotor winding in groups or bands corresponding to the 
bands of the stator winding (see Figs. 227 and 328). In each of the rods of one of 
these bands the current is I" ^ Z" I Z' -/, I' , where Z' is Ihe total number of stator 
conductors, and Z" is the number of rods in the squirrel-cage winding.* Therefore, 
knowing the length and sectional area of each rod, we can find its resistance and then 
calculate the total RP loss in the rods. To determine the RP loss in the short- 
circuiting rings proceed as follows : 

For ihe cast of a two-phase stalor tuinding. — Let n he the number of rods in one 
itf the above mentioned bands {^ Z" jif), then ttl" is the total current entering an 
This assumes that Ihe wiodlngs io each pair of slots, .S' and R, Fig- 247, 
[^alance each other's magnetizing action. See Appendix G, Art. 17. 
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end ring fmia ibt rods of one band. Let one side of the squHic, Fig. 248, reprcaau 
the current entering an end-ring from one band of rotor rods, and let each sideof 
the sqoaic be diTided into ■ eqoal parts ( Fig. 248 ii conslrticied foe m=6), then lie 
iinei a. A, <, J, t, etc, drawn from the center of the sqaaie to the rqnidislant pranB 
on the sides of the square represent the valnes of cuircnl in the portions of the ewJ. 
rings between the poinu of Httachment of the ends of the tods, and the average •iIuc 
of the square of the corrents a, 6, c, d, e, etc., is represented by the squareof liie 
radiniofadrde (^(2»/")'/t) tiaTing the same area as the square in Fig. 14S. Ltl 
r be the resiMance of one of the portions of the end-rings from center to center of 
■djacenl rods, then ^X (S"/")'/"" " "" average power lost in each portion, ind, 







Fie. S'ta- 



Fie- 349. 



lince there are iZ" portions, coonting both end-rings, the total power lost in boU 

! end-rings is zZ"r. (mP'YJK. 

j for Ike iost of a lArre-fAase slutor miMdotg. — As before let it be the number of 

rodi in each of the above mentioned bands (=Z"l3f), then u/" k the total rBmot 
entering an end-ring from the rods of one bond. Let one side of a regular beiigon. 
Fig. 249, represent the current */" entering an eud-ring from a bond of rotor mis, 
and let each side of the hexagon be divided into H equal parts ( Fig, 249 is constnidei 

' fbTH = 4), then the lines, a, 6, .-, a', elc, drawn firoin the center of the hcii' 

I gon to the equidistant points on the periphery represent the values of current in tlii 
portiDOS of the end-rings between points of altschment of the ends of the rods, ixi 
the average value of the square of the currents, a, b, c, d, etc, is represented trr 
iheKiUBtcofthetadiusofacitcle [=3V'3('>/'')'/(2r7)] bavinglhesameareautbc 
beiagon. Therelbrethetoul power lost in both end-rings is 2Z"r ■3V'3/2ir- (a/")'- 

I 138. The algebraic formulation of the problem of the iuductioii 

' motor. — Figure 250 represents a combination of simple circuits 

L which is equivalent to a given induction motor running at sUp J, 

L and Fig. 251 represents a combination of simple circuits which is 

y approximately equivalent (magnetizing current assumed to be in- 

Ll 
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dependent of motor load) to a given induction motor running at 
sUp s. Figure 250 is exactly like Fig. 215, and Fig. 251 is 




Re. 250. 

exactly like Fig. 216 (see Art 120). The circle diagram of the 
induction motor, Fig. 242, is based on Fig. 251. 
The algebraic formulation of the action of the induction motor 




Ffg. 251. 

niay be easily accomplished on the basis of either Fig. 250 or 
Pig. 251, On the basis of Fig. 250 the algebraic formulation of 
the induction motor is as follows : The reactance A' (equals taP) 

* A slightly more enact equivaleot wonld be that in which part of the leakaEC re- 
acUuiee X is on each side of the point a, inasmuch as Ihe forcing of the leakage 
Sox between Etator and rotor windings bj the load currents /' and /* 05 shown 
In Rg. 141 makes il unnecessary for the magnetiiing current to force this flui through 
the relnclance of the rotor iron. The placing of X partly oq each side of Ihe point 

a amounts to assigning a part of the magnetic leakage reactance to the secondary ; 

and in bet the only basis oq which leakage renctance may be separated into piitnsry 

leakage reactance and secondary leakage reactance is this basis of reluctance of tq 

iron. See Art 117. 



•so M.EMENTS OF EI.ECTltlCAt ES GUItmMC . 

reprracntu the cfTect of magnrtic leakage. K" sthcnanm 
one |ili«,e„r lire ,utor winding. P is tiw .ologe «tiig ■» 
.tllli.r winilinc, Uic drci.it r.j-, represenB theeflict of nag 
illK L-urrcnt (the rcHlsUncc r, and the reactance x, btmg 
tll»t tlio current in the circuit >-,.r, is equal to tiie actual 
lietltlnu current M). R" is the equivalent resfcaance of tie 
per •tutor circuit Ut A represent the voltage across <i. 
ajo, then fiBni the figure we have, using compjcx-qu: 
mitKtian. 



* 






h''~A + (M+/'){R'+jX) (ii 

l^lrthcrmore. the total power delivered to the rotor per 
lillftse I.* (A?**/*)/'', tlic electrical power developed in the rotoi 
\Kt atnhir phase is A"'/' , and the mechanical power develop 
III tllc h>li*r jicr stator phase is the difference between {R"ji\ 
«nd /fV*. Therefore tlie total mechanical power developed in 
tht rotor ii 

in which / is the number of stator phases, and P is the total 
iMwhmilcal power in watts developed by the motor. (The lettet 
/' hrt-t bern also used for magnetic leakage inductance.) 

The t\>rniic T which is de\clopcd by the motor produces 
|W\\Tr /' (expressed in watts of course) at the actual rotor spcttP 
m', and is wnv'cnient to express the value of the torque in 
terms of tl« [Kiwer {Pxm)/h' which the same value of torque 
wo\dd produce at synchronous speed h. That is we mijr 
write 

n' 1 ~s (^ 

This cijuation expresses torque in " synchronous n-atts." 
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Data to be used in connection with equatious {t) to (v). — The 
values of r, and x^ may be determined rrom the calculated com- 
ponents of the magnetizing current at zero load* as explained in 
mj'iit. 137, sections {b) and (c). Thus we have 



^^,= 



'—.•B 



which r, and .i-j may be calculated when M and M^ and 
are known. 

The value of R" may be determined as explained on page 287 
ider the heading " Calculation of equivalent resistance of the 
tor per stator phase." 

The value of R' may be determined by direct measurement of 
astance of the stator windings, and the value of X may be cal- 
llated as explained on page 2S5 under the heading " Calculation 
magnetic leakage reactance per phase." 

Calculation of performance curves from equations (/) (o {v). — 
lowing the values of r^, x^, R", £', R' , X, and q, the de- 
llls of the behavior of the motor when running at any arbitrarily 
agned slip s may be calculated as follows : Eliminating A 
im equations (i), (ii) and (iii), we have two remaining equations 
implex equations of course) which completely determine M, 
and (M-\- 1'). The product of £'' by the power component 
(AT-\- 1') gives the power input to the motor per phase, and 
cosine of the angle between E' and (jW+ /') gives the 
iwer factor of the motor when running at the given slip. Equa- 
in (iv) determines the mechanical output, ratio of output to in- 
lut gives efficiency, and equation (v) gives the motor torque. 

Graphical solution of equations (i) to (i'). — The algebraic solu- 
tion of equations (i), (ii) (iii), (iv) and (v) is quite simple but very 
tedious, and the following graphical solution may be preferred.* 

*It must be rcroembered that M in equation (i) is nat BSsumed to he coDstanI, il 
decreases with iacreijiDg load on 
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any point P of this circle is 
age vector with the motor r 



\ 



Choose the magnetizing cur- 
rent OM as a reference a 
Lay off the line OA representing 
the value of the electromotive 
force A\= M{r^ +A)]. and lay 
*' ofr^£' equal to M{R'-^JX), zero- 
load value of M being used in 
each case. Then OE' is tlie zero- 
load position of the supply voltagi 
of one of t h e stator windings. 
Draw about O a circle of radius 
E' , then a line drawn from to 
1 possible position of the supply-volt- 
unning under load. 
Evidently the voltage A across ab. Fig. 350, decreases with 
increase of motor load (increase of current through R' and X) 
and of course any decrease of A produces a proportional de- 
crease of the magnetizing current and of the voltage drop in R 
and X due to the magnetizing current, so that, when the voltage 
across ab. Fig. 250, is reduced to OA' , Fig, 352, tlie voltage 
drop in R' and X due to the reduced magnetizing current is 
A'c which is parallel to AB . 

Now the total primary voltage (of one phase of course) OP 
is equal to the vector sum of OA', A'c, and the voltage 
drop I'{R' +jX) in R' and -V due to the load current; but 
/'(R' +jX) is in the direction Ob which is 0° ahead of /' 
or 0° ahead of A, since A and /' are in phase with each 
other. Therefore, having drawn the line 06, choose any point 
P, draw Pc parallel to Od, draw Pb parallel to OB, 
off the value of Ob in volts, and the value of OA' in 
Dividing the value of Ob by vR' + A'' gives the value 
in amperes, whence, from equation (ii) s may be calculated, ii 
much as R" is supposed to be given, and A is known (= 0^ 
Knowing /' and s, the mechanical power output of the in< 
may be calculated from equation ( iv ) for the chosen positioftj 
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; point P in Fig. 252, the motor torque maybe calculated 

3 equation (v), and the motor speed is known directly from 

e value of s. 

r it is desired to find the power factor of the motor, the total 

fewer input, and the efficiency for the chosen position of the 

int P, Fig. 253, proceed as follows : Lay off the value of /' 

mg the line OA, lay off the magnetizing current (= OA' 

I by Vr* -f .r,*) along the line OM, and find the result- 

t of the two. The cosine of the angle between OP and this 

jsultant current is the power factor of the motor, the product 

f this resultant current by OP and by the power factor gives 

B power intake of the motor per phase, and the power output 

vided by the total power intake gives the efficiency. 




1 139. The single-phase induction motor. — The internal action 

; single-phase induction motor is very different from the 

bemal action of the polyphase induction motor, and it will be 

fcribed first on the basis of an ideal motor in whicii the resisi- 

Wance of the stator winding, the magnetic reluctance of iron and air 

I S^P^' """^ tnagnetic leakage are all negligibly small, and then 

these various things will be taken account of in applying the 

circle diagram to the single- phase machine. Briefly described, 

. the action of the single-phase induction motor is as (oLlQVis-. ££. 
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is the supply voltage, k is its frequency, and «' is the speed of 
the rotor in revolutions per second (two-pole model assumed), 

(a) A pulsating flux *, Fig. 253, is produced by the statw 
winding, and the electromotive force induced in the stator wind- 
ing by this pulsating flux just balances the supply voltage S. 

((^) The moving rotor rods cut the flux *t>, and an" electro- 
motive force, A^, Fig. 254, is induced in the regions A and 
A' of the rotor winding. This electromotive force A^ has the 
same frequency as 4>, it is in phase with 4>, and it produces 
up-flowing currents at A' and down-flowing currents at A, 
P'g- 253. These currents are magnetizing currents (^ in F^. 
254) and they produce a cross-flux *^ which pulsates at the pri- 
mary frequency. The pul- 
sations of this cross-fiux 
induce an electromotive 
force, A^, in the rotor rods 
at A and 
electromotive force 
[ ^ ances the electror 
force A^, 

(c) The pulsations oft 
produce an electromotive 
force B^ in the rotor rods 
in the regions S and 
B', Fig. 253, and the 
cutting of the cross-flux O^ induces an electromotive force B, 
in the same rods. When the rotor runs at synchronous sptei 
■ («' equals «), then B is exactly balanced by B^, no currenti 
flow in the rotor rods in the regions B and B', and therciott 
nothing but magnetizing current (lows in the stator. When fl* 
* A squirrel-csge rotor presents a multiplicity of circuits, and lo spealc oTrtrdit 
Ironiolive force or ti/ current id the rotor, depends upon a scheme which i) 
in • subsequent part of this Britcle. In speaking of an electromotive fcti 
rent in the rotor the electromotive force or current in a ifa/itmary gra^ Jit 
moving rotor rods is understood. New rods are, of course, coming into sock > 
continuously on one side and leaving the group continuously on the othei side. 
e/ectromotive force induced by paV%aV\on\a'm&\ciVtdb-jii. E>ibscript p, aad m 
motive force due to the calling oUineso? toiceVi-j iiAi^tohWh 



4 
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Btor speed is below synchronism («' less than n) then B^ is 
s than B the net electromotive force (5 — B^) produces a 
I current /" in the rotor rods in the regions B and B', 

i magnetizing action of this load current is balanced by a cor- 

Ssponding load current /' in the stator winding, and the load 

irrents in the rotor rods in the regions B and B' are pushed 

idewise by the cross-flux O^ thus developing mechanical power. 

1 evident that the flux $ is independent of the rotor 

>eed, inasmuch as it must by its pulsations induce sufficient 

' electromotive force in the stator winding to balance the supply 

voltage £', and it is 90° behind E' in phase. This flux is 

called the " transformer flux " for brevity. 

The cross-flux 0^ on the other hand is proportional to the 
rotor speed k', and it is equal numerically to <i» when «' 




Re- 255- Be. 256- 

equals «. This is evident when we consider that the electromo- 
tive force A due to cutting of the transformer flux ^ at speed 
«' must be balanced by the electromotive force A^ due to the 
pulsations of the cross-flux 0_.. 

It is interesting to note that at synchronous speed («' = ?/) 
the magnedsm of the single-pha.se induction motor is exactly 
like the magnetism of the polyphase induction motor, that is to 
say, the stator magnetism is con.stant in value and rotates at 
speed n. This is evident when we consider that the two fluxes 
and ^^ are equal in value when «' = «, and that they are 
in time quadrature with each other. 

In order to proceed further in the analysis of the action of the 
single-phase induction motor, it is necessary to consider the exact 
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relation between the electromotive force induced in the rotor 
windings by the pulsation of a flux ("tJ or <I>J and the electro- 
motive force produced in the rotor windings by the cutting of a 
flux (4> or *J, as shown in Figs. 255 and 256. Electromotive 
forces due to pulsation are in time quadrature with the alternating 
flux, and electromotive forces due to motion are in time phase 
with the alternating flux ; electromotive forces due to pulsation 
are greatest in the rotor rods distant 90° from the axis of the 
flux, whereas electromotive forces due to motion are greatest in 
the rotor rods which are near the axis of the flux, as shown'in 
Figs. 255 and 256. Furthermore, a certain frequency of pulsa- 
tion in Fig. 255 gives certain definite values of induced electro- 
motive force in the rotor rods, the same frequency of rotatioH in 
Fig. 256 gives exactly the same values of induced electromotive 
force in the rotor rods, and a teduc^d frequency of rotation in Fig. 
256 gives proportionally reduced values of induced electromotive 
force in the rotor rods. See Appendix 5, Art. 15. 

Generally the rotor is of the squirrel-cage type presenting a 
multiplicity of independent short-circuits, and it is necessary for 
the sake of brevity and clearness to devise a scheme whereby one 
may speak of the electromotive force induced in the rotor, of thi 
rotor current, and of the rotor resistance R", as if the rotor wind- 
ing were a single circuit with respect to the induced electromotive 
force or current under consideration. To do tJtis the rotor wind- 
ing must be reduced to its primary or stator equivalent asfollffies: 

Let a be the number of conductors in one stator band and 
let b be the number of rotor rods wJiich for any given positioB 
of the rotor lie under the stator band. Then, for a given low 
current /' in the stator winding, the current in each of the b 
rotor rods is al' jb, and, if b is an even number, the currents 
in the successive portions of the short-circuiting end-rings are 
al' jb, 2aljb, -^al'jb--- up to \al' , counting from the center 
ofaband{or \ar jb, lal' jb, \al'jb--- up to J«/' if * is 
an odd number). The current throughout the portions n and v. 
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Fig. 253, of the short-circuiting end-rings is ^uT. Therefore, 
knowing the size and length of each rotor rod and the size and 
length of each portion of tlie short-circuiting end-rings, the rotor 
R/^ loss may be easily calculated for an assumed value of 
/'. T/ie equivalent resislana R" of the rotor is equal to this 
rotor RI^ loss divided by I' . Using the value of R" so de- 
fined, the load current in the portions BB' of the rotor wind- 
ing (see Fig. 253 ) may be thought of as equal to the load current 
in the stator ; and insofar as the induced electromotive forces in 
the regions B and 5', Fig. 353. are concerned, the rotorwind- 
ing may be thought of as containing the same number of con- 
ductors as the stator winding, all connected in series and consti- 
tuting a single circuit. 



Supply 



'-fvwww — TJiJsr^ 



Furthermore, insofar as the induced electromotive forces A^ 
and A^ in the regions A and A' , Fig. 253, are concerned, the 
rotor winding may be thought of as consisting of S conductors 
all connected in series and distributed exactly like the stator con- 
ductors but in the position shown in Fig. 2531^, S being the 
number of stator conductors. 

On the basis of the above considerations the clock diagram. 
Fig- 254, may be understood in every detail. At synchronous 
speed («' = «) we have A^ = A^ = B^ = B^ = E', and/' and 
and J" are both zero, so that the motor takes in no power (ex- 
cept that represented by the stator magnetizing current) and the 
rotor develops no mechanical power. 

■ Lj 
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When the rotor speed is below synchronism (»' less than n), 
then /i^~n'/n/i'^A^. also *=«'/«*, and B={,^lnfB^ 
[—{n'/iif-/:' since /f^ is always equal to £*], Therefore-' 
/'-/"_(/y^_^,)/^"= [i -(«'/«)=] £'/ie", so that thein- 
take of power £'/' is equal to [i — {n' j nY]£'^ j R" all of 
which (in the ideal motor) is delivered to the rotor and of which 
the jjortion /e"/"' - A"'/'' = [i — (»' /nfyE'^/J?" is developed 
as electriuil power in the rotor and the remainder is developed 
as mechanical jjowcr. Therefore the mechanical power is equal 
to (j, — i'l'yi' /A'", where s^ is written for [i —(«'/")']' ^ 
the torque in synchronous watts is equal to n/ii' x {Sf—Sj')£''l!i". 

The action of the ideal single-phase induction motor running 
nt speed »' would be reproduced as pure transformer actional 
Ntaml-still if the rotor resistance were increased to A"/j|. This 
is evident when wc consider (<0 that the net electromotive force 
in the region /»7>" of the rotor (see Fig. 253) is equal to 
/} — li, or to [l — (u'/tiYJB' when the rotor is running at 
Sjwcd «', {/>) tluit this net electromotive force becomes equal to 
/:' when «' ™ o. that is, this net electromotive force is multi- 
plied l/[i —(«'/")'] times by changing from speed «' to 
«ero, and (<•) that this increased electromotive force in the region 
SB' would produce an unchanged value of current in the rotor 
if the rotor resistance were increased in the same ratio as the net 
electromotive force. 

Now it may be shown {a) that the effect of magnetic leakage 
in an actual single-phase induction motor is the same as an out- 
side reactance .V in the priniarj' circuit of an ideal single-phase 
induction motor, ((*) that the efiect of resistance of the stator wind- 
ing is the same as an outside resistance R' in the primary or- 
cuit of an ideal single-phase induction motor, and (c) that the 
effect of core reluctance (necessity cf magnetizing current) in aa 
actual single-phase induction motor is the same as a shunt drcuft 
of proper resistance r^ and reactance x, connected acTt>ss tbe 
supply mains of an ideal motor. Therefore the combtnatiaa eT. 



GENERAL THEORY OF THE INDUCTION MOTOR. 



299 



tnple circuits shown in Fig. 257 represents tlie action of an 
:tual single-phase induction motor, and the combination of 
nple circuits shown in Fig. 258 represents the action on the 
^sumption that the magnetizing current in the stator winding is 
jbnstant* 

The circle diagram may be applied to the single-phase induc- 

1 motor on the basis of Fig, 258 as follows; Measure the 

lagnetizing current and the power input of the motor at zero 

ad. This determines the vector OM, Fig. 242. Measure the 

' stator current and power input at stand-still, thus determining the 




Sieeii''ai 



ctor OP', Fig. 242. Draw the circle exactly as in the case 

the polyphase motor. Measure the stator resistance R'. 

3 load is equal to OM x E' minus R' x OM* 

i[&ee Fig. 242). The core loss is assumed to be the same at all 

poads. Then OQ' x E' minus core loss minus R' x OP is 

: power delivered to the rotor at stand-still, and this power 

iHded by /' ( = MP ) gives the equivalent resistance, R", of 

the rotor. 

To calculate the performance curves of the single-phase induc- 
tion motor from the circle diagram, choose a series of positions 
of the point P, Fig. 242, and for each position make the fol- 
lowing calculations : E' x OQ is the total power input. The 
-rotor current /" (= /') is equal to MP, and the rotor RP 

nearly so accurate in the single-phase molor as it is in the 
of the great reductjoo of the crosj-flox 4, with decrease of 
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loss is R" X MP^. The total power delivered to the rotor is 
R" js^ X MP^. The total power delivered to the rotor is 
also equal to E^ x OQ minus core loss minus R' x (?/*, whence 
the value of s^\=^ i — {n' jnY] is known and n may be found 
since synchronous speed n is given. Subtracting the RP loss 
in the rotor from the total power delivered to the rotor gives the 
mechanical power developed, and multiplying the mechanical 
power by «/«' gives the torque in synchronous watts. The 
entire procedure is the same as in the case of the polyphase induc- 
tion motor except that jj[= i —(«'/«)*] is used instead of 

4 = («'_«)/«].* 

* The student is referred to the excellent treatise on Alternating Current Motm 
by A. S. McAllister ( McGraw, N. Y. ) for further developments of the theory of indac- 
tion motors. 
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140. Behavior of a direct-carrent motor when the supply voltage 
is Buddenly reversed. — Any direct-current motor will continue 
to run in an unchanged direction when the supply voltage is 
reversed, because the reversal of the supply voltage reverses both 
the armature current and the field current. Therefore any direct- 
current motor might be operated by a repeatedly reversed supply 
voltage, that is by an alternating supply voltage, if it were not for 
certain effects which are produced at the moment of volt^e 
reversal. 

/h ike case of a shunt motor a reversal of the supply voltage 
would be followed by a slow dying away of the previously exist- 
ing field current and a slow growth of a reversed field current, 
because of the very large inductance of the field winding ; whereas 
the current in the armature would quickly drop to zero and an 

• The following papers give a very complete discussion of the Iheorelicil and 
practical aspects of Ihc single-phase commi 



e-pbase Motors, by Mi 
Congress, St. Louis, 1904, Vol. Ill, page 
Alternating- 



129-14B. 



I of the Inttntational Electrical 



1, by Marius Latour, Hid., pagu 
I49-IS4- 

Transmission and diitribulioa problems peculiar to the single-phase railway, by 
P. M. UdcoId, ibid., pages 1S6-193. 

Alternating versus Direct-current traction, by F. Nielhsmmer, iji'i/., pages 194-271. 

The Westinghouse single-phase railway system, by Clarence Renshaw, Electric 
Jettmal, Vol. I, pages 134-149. 

The altemaling-currcnl series motor, by F. D. Newbnrg, Electric Journal, Vol. 
II, pages 135-140. 

Single-phase tailwoy motor control, by R. P. Jackson, Electric Jimmal, Vol. II, 
paies 525-53". and 762-763. 

Allernaling current for Railway service, by B. G. I^mrae, Slreel Raihiiay Jountal, 
Januaiy 6, 1906. 

Allernaling Current Motors, by A. S. McAllister, published in 1906 by The 
McGraw Publishing Company, Chapters XIII to XVI on the repulsion motor and 
on the series motor. 
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excesnvc moiDCntax>' flow of reversed cunent would take pla 
This dif&rcnce in tbe behavior of tlie 6eld currcDt and a 
current of a shunt motor vben the supply voltage is sudden^ 
reversed would show itself as a very- consideiable phase dillerciic 
between field current (field magnetism) and armature current H 
the attempt were made to operate a shimt motor from altematiiig 
current supply mains, and tbe motor would de\'elop but litd 
torque. The shunt motor cannot be operated satisfactorily frofl 
alternating -current supply mains. 

/« ihe case of a series motor a reversal of the supply volC^ 
would not be followed by an excessive flow of current, because 
the armature and field windings are in series ; and there c 
no phase difference between armature current and field magnedsiB 
of a series motor which is operated from altematimg-curmit 
supply mains. 

Sparking. — The most serious difficulty that is < 
when the attempt is made to operate an ordinary series motor \!f 
alternating current is the tendency to excessive sparking at tbe 




brushes. Whenever a brush touches two commutator bars, in 
armature coil or section is short-circuited ; at the moment of toi* 
short-circuit the armature coil surrounds a field pole * as shoWft 
by the heavy line in Fig. 259, so that the armature coil is relaW 

inding, but tbe efleci 



* Thi( pftrlicatar statemnit ■pplies to Ibe Up d: 
*q exiili in every variely of armalure winding. 



THE SINGLE-PHASE SERIES MOTOR. 



303 



the field winding as the short-circuited secondary coil of a 

.nsformer of which the field winding is the primary coil. There- 
e an excessive short-circuit current is produced through the 
nature coil and through the tip of the brush ; and the result 
an increased heating of the armature coils, commutator, and 
rushes, and an excessive sparking at the brush tips as the com- 
lutator bars pass from under the brushes. 
Low power factor. — A less serious difficulty in the operation 
" a series motor by alternating current is that the inductance of 
le field and armature windings cause the current to lag behind 
le supply voltage in phase, so that the power factor of the series 
lOtor when driven by alternating current is always considerably 
ss thui unity. 

Tlte single-pkase series tnoior. — The ordinary series motor when 
ssigned so as to operate satisfactorily with alternating current 
called the single-phase commutator motor, or the single-phase 
Ties motor. The peculiar features of design and the special de- 
ices for reducing sparking and for increasing the power factor of 
luch a motor are described in a subsequent article. Every part 
the magnetic circuit of a single-phase series motor must be 

of laminated iron. 
141. The clock diagram of the single-phase series motor. — Let 
le line 01, Fig. 260, represent the current flowing through the 
field winding and armature of a 
series motor, let X^ be the re- 
actance of the field winding, X^ 
the reactance of the armature 
winding, R^ the resistance of the 
field winding, and R^ the resist- 
ance of the armature winding. 
The components of the electro- 
motive force F which is required 
to force the current / through 
le field winding are Xjl and RjJ, as shown in Fig. 260, and 
le components of the electromotive force A which is required 




jtn nmmsor zubcibcu. namaxOK. 

tpiiiillil iS^tnrtwrT and n lillMII of tkcamatonci 
iag ut JC J imd Jt J as sjkon. 

Tkedbxf Ikecnn* / » fc» « m I hu^t dg 6dd . 

Hf B Id pKMwce ao jnaBiMMig flntc V nniii^i tbc anna) 
TUi iaxikn phase witii llic cancnt aod it lodnccs m ibcai 
lore WMKJUja an dectrooiotive force E^ vfaid b eqoal to $^a 
wliac ^ is tiie finx ca ie riBe die aimatii r e from anc6cld poE^ 
iT » eqnal to fZf/^ -i- i(^, and « is die q>eed of tibe annabue 
ia revoliftioiis per secoad ; / is the namfaer of &eld poles, Z is 
tilt total number of annatmc coodnctors, and ^ is the number 
of current jatia between po^ivc and negative bnuhes.* Stoce 
^ H an altentatir^ Snx which is n phase with the 6dd current 
/, it is evident that £, (equals ^Z'h) is an altemaling electro- 
motive fofce of the same frequeiKy and in phase with /. There- 
fon since f^ is a counter electFomoti\'e force, the portion of the 
supply voltage which overcomes it is equal to it and is represented 
by the line £ in Fig. 260, and the total supply voltage is rep- 
resented by the line OE n-hich is equal to the vector sum of /', 
A, and E^ 

The power lost in the field winding is R^, the power lost in 
the armature is R^P, and the power which is used to force the 
current against the counter electromotive force E^, namely. Ej, 
appears as mechanical power. Eddy current and hyster 
losses are ignored in Fig. 260. 

Design of single-phase series motor to give large fiazver factor. — 
It is evident from Fig. 260 that a large power factor (small value 
of the angle 6) depends upon a large value of E^ m comparisoR 
with X^ and X^f; of course R^l and R^l should both be as si 
as pos.siblc because they represent energy losses in the windii 

{a) In the first place the reactance X^ of the armature wind- 
ing may be reduced nearly to zero by the use of the neutralizing 
winding as explained in the following article. A neutralizJifl 
winding is therefore an important feature of the single-p 
scries motor. 

* See page 43 of the lirst volume of this text. 
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(d) In the second place, it is to be noted that tlie reactance 
voltage X^I which is lost in the field winding is proportional to 
the product of the number of field turns and the maximum value 
of the alternating field flux 4*, exactly as in the case of the pri- 
mary coil of a transformer, and we may assume that we have a 
motor in which a specified maximum flux is to be produced ; 
then to make the reactance voltage A^ a minimum, the machine 
must be designed so that the desired flux may be produced by 
the least possible number of field turns. That is to say, the re- 
luctance of the magnetic circuit must be small, or in other words 
the gap space between the pole faces and the armature core must 
be short and the iron of the field magnet and armature core must 
be operated at a low degree of magnetic saturation. Of course 
there is no clearly defined value of magnetic saturation which 
gives the best results, and all that can be said in regard to this 
second point is tliat low degree of magnetic saturation and short 
air gaps are important features of the single-phase series motor. 

(c) In the third place the value of £ at a given speed may be 
made fairly large, even though the value of 't' be rather small, 
by increasing the number of armature conductors. Therefore 
the use of a large amount of armature copper is an important 
feature of the single-phase series motor, 

((f) In the fourth place, suppose that we have a single-phase 
series motor running at given speed with given value {effective) 
of current and given value (effective or maximum) of field flux. 
Under these conditions, the counter electromotive force is definite 
in value (effective), the mechanical power EJ is definite, and a 
reduction of the frequency of the supply voltage would produce 
a proportional reduction of the reactance voltages X^I and XJ 
without affecting the value of £. ; that is, a reduction of frequency 
would increase the power factor of the motor. Therefore it is 
important to use a low frequency alternating current for a single- 
phase series motor. A low frequency will be found to be de- 
sirable in order to reduce the tendency to spark at the 
brushes. 
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149. Tbe aentralizjng of armature inductance. — A winding of 
wire on an iron core has considerable inductmce, that is, a cur- 
rent in the winding magnetizes the iron core and causes a consid- 
erable amount of magnetic flux through the core. The inductance 
of such a winding may be annulled by anjtfaing which counter- 
acts the magnetizing action of the winding on the iron core. 
Thus, Fig. 26 1 shows a layer of wire, Wit' wound on an iron 
rod, the magnetic flux due to the current in the winding is indi- 
cated by fine lines ; and Fig. 363 shows a second layer of mre, 
aa, wound over IVIV and so connected in series with IV\V 
that the current flows in opposite directions around the rod in na 
and in It'tV. as indicated by the dots and crosses. The magnet 
izing action of the winding tt"JF is neutralized by the oppositt 



monetizing action of the auxiliary winding aa, the only magnetii 
flux produced is the very small amount of 6ux between W and 
a, and therefore the inductance of WTV and aa combined is 
nearly zero. 

If an alternating current is made to flow through the winding 
WiV, Fig. 262, and if the auxiliary winding aa is short-cir- 
cuited, then the magnetizing action of the current in WW wi" 
be very nearly neutralized by the current which is induced in the 
short-circuited winding aa ; in this case the number of turns in 
the auxiliary coil aa need not be the same as the number of 
turns of wire in the winding WW. 

The auxiliary winding an, Fig. 262, which is used to annul 

the inductance of tlie given winding WW is called a tteutrtlu- 

iig" or tompcnsatiiig ivinding. When the auxiliary winding i* 

■" nnectcd in series with the given winding, we have what is called 
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Fig. 364. 

iary winding is short-circuited we have what is called inductive or 
transformer neutralization. Forced compensation can be used for 
both direct current and for alternating current, whereas trans- 
former compensation can be used only for alternating current. 
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Tile magnetizing action of the armature current of a < 
current motor or of a single-phase series motor produces n 
nctic flux, as shown in Fig. 263, the inductance of the a 



||5 N 



C^^ 



Ills N 




winding is due to this flux, and this inductance may be annulled 
by a ncutrahzing winding placed in slots in the pole faces, as 
shown in I'"ig, 264.* This neutralizing winding is connected, 




as shown in Fig. 265, so that the current flows in one direction 

in all of the conductors which lie under north poles and in the 

opposite direction in all of the conductors which lie under south 

*!>ee pages 151 lo ij8 or the tirst Tolume of this text. 
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poles as indicated by the dots and crosses in Fig. 264 and by the 
arrows in Fig. 265. In the single-phase series motor this neutral- 
izing winding may be connected in series with the armature 
(forced compensation), or it may be short-circuited by connect- 
ing the terminals / and /', Fig, 265, together (transformer 
compensation). 

Figures 266 and 267 show the field member of a four-pole 
single-phase series motor of the Westinghouse Electric and 




Manufacturing Company. The field windings and the neutraliz- 
ing windings are both shown in position in Fig. 266, and in Fig. 
267 the field coils are removed so as to expose the neutralizing 
windings to view. The neutralizing windings are placed in slots 
in the laminated pole pieces, and the portions aaaa and iSM, 
Fig. 265, of the neutralized windings are bent back in Figs. 266 
and 267 to make room for the ends of the field coils. 

143. Prevention of sparking in the single-phase series motor. — 

A number of undesirable effects are included under the general 
term of sparking, as follows : (a) The effects that are presented 
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in the direct-current dynamo * and which are due to the necessity 
of a sudden reversal of the current in a given armature section 
as the terminal bars (commutator bars) of the section pass under 
a brush ; and ((5) the effects of the excessive current produced in 
each short-circuited section by the electromotive force which is 
caused by the pulsations of the field flux. The effects (a) need 
not be considered because they are less serious than effects (i), 
and because anything which obviates the great difficulties due to 
effects (6) will likewise obviate the lesser difficulties due to 
effects (a). 

The effects of excessive short-circuit currents due to pulsation^ 
of the field flux are, to heat the armature winding, to heat the. 
commutator, to heat the brushes, and to roughen the commutator 
by sparking, and these short-circuit currents represent 
siderable loss of power. The cure for these undesirable elTects 
is, of course, to prevent excessive short-drcuit currents and to 
shorten their duration as much as possible. 

The electromotive force induced in a short-circuited armature 
section by the pulsating field flux is proportional to the number 
of turns of wire in the section, proportional to the maximum value 
reached by the pulsating field flux, and proportional to the fre- 
quency of the pulsating flux. Therefore the short-circuited cur-, 
rent may be reduced by reducing the number of turns of wire per 
armature section (the resistance of the short circuit not being re- 
duced in proportion to the turns because of the relatively large 
resistance at the brush contacts), by reducing the maximum value 
of the pulsating flux, and by reducing the frequency. It is essen- 
tial, therefore, in the design of the single-phase series motor W 
provide for few turns of wire per armature section (many commil' 
tator bars), to provide for small field flux per pole (many field 
poles), and to use alternating current of low frequency. 

The duration of a short circuit of an armature section by a bni! 
is proportional to the thickness of the brush, and therefore it 
desirable to use thin brushes. If the armature winding is of 

*See pBgei l6l to 164 o( ihe first Tolame of this text. 
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simplex type, the necessary thickness of tlie brushes is determined 
solely by the necessary area of brush contact to collect the given 
current If the armature winding is of the multiplex type, the 
Thrush must never touch fewer than w commutator bars, where « 
is the number of constituent windings in the multiplex winding. 
In the multiplex winding, however, adjacent commutator bars do 
not form terminals of an armature section, and therefore the 
touching of two bars by a brush does not short-circuit the arma- 
ture section of a multiplex winding ; in fact the brush must touch 
« -I- I commutator bars of an »-plex winding to short-circuit an 
armature section.* Therefore thick brushes may be used with 
multiplex armature windings. 

Special devices for preveniitig sparking. — The foregoing dis- 
cussion refers to those general features of design which tend to 
reduce short-circuit currents in the armature sections of single- 
phase series motors. It does not seem to be possible, however, 
to produce a single-phase series motor which will operate satis- 
factorily without special devices for preventing excessive short- 
circuit currents. The simplest device for this purpose is the in- 
sertion of a moderate amount of resistance in each commutator 
lead, and a number of special inductive devices have been pro- 
posed, of which, perhaps, the simplest is the balanced choke-coil 
arrangement of Mr. S. S. Seyfert. 

The resistance leads. — The coils hcdef. Fig. 268, represent the 
sections of an armature winding, and rrrr represent resistances 
inserted in the commutator leads. The figure shows the arma- 
ture section d short-circuited by a brush, and the heavy arrow 
represents the electromotive force induced in the section d by 
the pulsating field flux. The short-circuit current must flow 
* Short circuits Bie produced in a multiplex winding by the gimultitDeous connect- 
ing of two of the constituent nindings by two brushes. Some of these short circuits 
pass through one constituent winding from a positive to a negative brush and back to 
the positive brush through another constituent winding; Eome of them pass through 
one conslilucnl winding from one positive (or negative) brush set lo another positive 
{or negative) brush set and back thiough another constituent winding, and some of 
them pass through the winding from one poiiitive (or negative) brush 
positive (or negative) brush set and hack through the brush leads. 



M 



312 



ELEMENTS OF ELECTRICAL ENGINEERING. 




through two of the resistances r in series, as shown by tlie short 
arrows, whereas the useful current which enters or leaves the 
aritiature through the brush must 
flow through two of the resist- 
ances r in parallel. When the 
brush touches but one commu- 
tator bar there is no short circuit, 
and the whole of the useful cur- 
rent must flow through one of 
the resistances r. The resist- 
ances r are entirely idle except 

at the moments when the bars to which they are connected pass 
under a brush. 

Resistance leads are objectionable because they involve a loss 
of power, and because of the difficulty of finding room for them 
in a compact armature structure. While a motor is in actual 
operation the resistance leads come into service in rapid suc- 
cession, and the heat is distributed among all of the leads ; at 
starting, however, there is a possibility of the motor being stuck 
fast, so that a given resistance lead may be in circuit for an indef- 
inite time. In view of this possibility 
i necessary to make the resistance 
leads of large current -carrying ca- 
pacity, and to place the leads so that 
they can be easily repaired in case of 
their being burned out. The resistance 
leads are usually made of heavy strips 
of German silver thoroughly insul 
and placed in the bottoms of the 
ture slots. 

Balanced choke coils. — The essen- 

Fifi.269. jJ3i features of the balanced choke 

coil arrangement for preventing sparking may be seen in Fig' 

269, in which t is a section of the armature winding, ss art 

two commutator bars and tt' are two choke coils through which 
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the commutator leads pass. The two coils tf are wound on a 
small iron core, and they are so connected that their magnetizing 
actions on the iron core are equal and opposite when equal cur- 
rents flow into (or out of) the armature winding through both 
coils ; whereas their magnetizing actions work together when 
current tends to flow out of the armature winding through one 
coil and into the armature winding through the other coil. The 
consequence of this arrangement is that current can flow into or 
out of the armature through both of the coils tf without being 
choked, whereas opposite currents in the coils t and f (the 
short-circuit current in the section) are greatly choked. 

The complete arrangement of the balanced choke coils is 
shown in Fig. 270; each commutator lead is split into two 
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branches, and each branch contains a choke coil which is bal- 
anced against a choke coil in an adjacent commutator lead. 
With this arrangement a brush must never touch less than two 
commutator bars, because of the excessive choking of useful cur- 
rent when it has to enter the armature through the two choke 
coils in one lead ; but if the brush never touches less than two 
bars, it must at certain instants touch three bars, and when this 
occurs, a short circuit is established which is unchoked except 
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by the combined * ohmic resistance of four of the choke coils 
in series, 

144. Cliaracterietics of the single-phase serieB motor, 
single-phase series motor is very much like the direct-cuj 
series motor in its speed and torque characteristics. The cl 
difference between the direct-current motor and the stngle-ph: 
motor grows out of the fact that an alternating voltage of a given 
value gives less current than a direct voltage of the same value.f 

Advantages of single-phase series motor for railway service. — 
The operation of a railway by electric motors involves two 
distinct problems, namely («) the problem of transmitting power 
from a central station to the motors and iji) the problem of con- 
verting the electrical power into mechanical power. The firet 
problem is a problem in long distance tiansmission when the rail- 
way exceeds a few miles in length and high voltage must be 
used. The second problem seems to admit of no other practical 
solution tlian by the use of the series motor which develops 
large starting torque and operates at a fairly high efficiency 
throughout a wide range of speed. The series motor, however, 
is essentially a low voltage machine, and indeed the single-phase 
series motor cannot operate at as high a voltage as the direct- 
current series motor on account of the greater tendency of the 
single-phase machine to spark. Therefore the operation of 
railway by electric power requires high-voltage transmission and 
step-down transformation, and the choice may be said to lie 
between («} the series motor supplied with direct current at »■ 
voltage not exceeding about 1,000 volts, and (b) a series motor 
supplied with single-phase alternating current at a voltage not 
exceeding about 500 volts. If the direct -current motor is used, 
synchronous-converter sub-stations have to be placed a few milO' 
apart all along the line of railway, and not only is the total 

■This is due Co transrormer action as tnny be readil; Eeen bjr tracing tbe 



I A brief description of tbe peTformance diagram (clock diagram] of the Si 
phase series motor is given by V. Karapetoff, Trayis. Am. Imt. Eire. Enginrm, 
XXXIIl, page 78, 1904. 
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of the electrical equipment high, but the synchronous converters 
must operate a large portion of the time at light load so that the 
power losses must be great and the efficiency low. If the single- 
phase series motor is used, the trolley wire can itself be the high 
voltage transmission Une, and a step-down transformer on the 
car or locomotive can deliver current at any desired voltage to 
the motors. 

The most serious difficulty involved in the use of the single- 
phase series motor is its large size as compared with a direct- 
current motor of the same power rating. Thus, the electric 
locomotives of the New York Central Railway Company have 
direct- current motors of sufficient capacity to slip the wheels, 
■whereas the electric locomotives of the New York, New Haven 
and Hartford Railway Company, which arc about the same 
weight as tlie New York Central locomotives and which are 
equipped with single-phase series motors, can exert a tractive 
effort not to exceed 50 per cent, of that which would correspond 
to slipping of wheels. 

The series motor requires a very low voltage at starting, and 
the voltage across the motor terminals must be increased as the 
speed increases. When direct current is used, this variation of 
motor voltage can be accomplished only by the use of rheostat 
control, as explained in Art. 61 of the first volume of this text, 
but when alternating current is used, a number of taps can be 
brought out from the secondary coil of the step-down transformer 
so that the low voltage required at starting can be taken directly 
from a few secondary turns, and the voltage can be increased at 
will by bringing a larger and larger number of secondary turns 
into action as the speed increases. Rheostat control is therefore 
not necessary when alternating current is used and the loss of 
power in rheostats is obviated. Furthermore, the series -parallel 
system of direct -current motor control, the object of which is to 
reduce the range of rheostat control of voltage, is unnecessary 
when alternating current is used. 

145. The repulsioa motor. — The repulsion motor consists of a 
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primary or stator member which is identical to the stator of tl 
single-phase induction motor, and a secondary or rotor n 
which is like an ordinary direct -cur rent armature with a commi 
tator and brushes. The primary member is supplied with singi 
phase alternating current, and the secondary member is shof 
circuited by connecting its brushes directly together. The esse 
tial features of the repulsion motor are shown in Fig. zyi, whi 
represents a two-pole model. The stator winding produa 
through the armature a pulsating flux in the direction of tl 
arrow 4>, and, in order to describe the action of the motor, tl 
flux may be resolved into two component parts, one of whicl 
T, is parallel to the line of the brushes dd, and the other ( 
which, F, is perpendicular to dS. The stator winding may a! 
be considered in two parts, namely, the part / which produc 
the flux T and the part / which produces the flux F. It 




impossible to actually separa.te the stator ivinding shown in J 
271 into the two parts i and /, because certain portions of I 
stator winding help to produce both T and F. Figure T, 
however, shows a more or less fanciful arrangement in wW 
there are two separate stator windings / and / with their aJ 
at right angles to each other. 
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r The repulsion motor may be shown to be fundameiitaHy equiva- 
mt to the simple series motor in its action and in its torque-speed 
laracteristics as follows : The stator winding /, Fig. 372, pro- 
iices the pulsating flux T and acts like the primary of a trans- 
ner of which the secondary is the short-circuited armature 
hding. Let us assume that this transformer action is ideal 
:ro reluctance for flux 7") and let us assume that the ratio of 
nsformation is 1:1. Then the armature current is identical 




\ value and in phase * to the current in the coil t just as if the 
'xiture were included in the primary circuit. 
The stator winding / produces the pulsating flux F. The 
nature is an open circuit with respect to the electromotive 
Iforces induced by the pulsations of this flux, but the electromo- 
tive forces produced by the cutting of F by the rotating arma- 
ture act through or around the short-circuit formed by the 
»-ushes and these electromotive forces are reproduced in the 

"The secondary current of a traosrormer is usually thought of as exactly opposite 
^ phaae lo the primary curreul, but whether it be considered as opposite lo or ik phase 
rilh the primary current depends on a mere convention as lo the choice of the dircc- 
iecondary coil which is to be considered a& Vhe ^lOHXvie inec>i™v- 



fhf(f u'fi-f imludfd in tkt primarf dnmt. 

t liv nimplc Mrrioi mnt/jr is tfif faen t fin^ Ac ae^nbi 
lit lliat the lMn»f(frmcr flux T docs ooc c 
iiiirtcr, nod ihtjt tratiaifrfnner Sox bas an iRKMatn^ c&ct <a Ac 
riitiitiiiit nrrimtnrc cfinducton as fbHows: Tbe 
which urf alKirl-circuftcd under the 

(nn r« tiiiliiied In them hy the pubalioa cf Ac faU fiux /" 
iirlly n* In the niinplo ftcricH motor, but 
ttoita iirr cutting; the trannfonncr flux 7* at die time ctf* tki 
jthnrt tfri'iilt, anil ihc electromotive force due fio l&cs 
i>|i|iiiii-(| til the electromotive force produced bytiie 

I hi' flchl Ihix /'' In fiict, the electromotive forces doe to 
iif llie liniiNriintier flux T arc equal and opposite to tfaet 
ulMtlvp rnru'fl ihiu to piilNution of the field flux F at syncbroooa 
«|tpp(I luul tlicicrnrc the rqjuUion motor has no great tendencyt 
<t|inrlt «l "ynrhriiniiiiN Npecd. 

140. Hirpulilon-inotor-startlng of the single-phase indnctiH 
inntiir, I'ln- iiiivil vulualilc feature of the repulsion motor is that' 

II uiii Ik' iiiMJl}' itiiil (|iiickl/ converted into a single-phase indue- 
tinti iimtoi' liy l>i'lii|jin^ u metal ring into contact with all of its 
I oiuuiulKtor Imrt, thux converting the armature into what is sutv 
Nliiutliilly (» w|iilrrcl-cn(je rotor. The single-phase inducticffl. 
nmliu- of ihi" Wuijncr Klcctric Company, for example, is started 
lUliI tutxi^lit up to .ipued UM a repulsion motor, and then ccA' 
vi'lli'd hili> (t tihl|;le-plia!(c induction motor. 

A ^onetctl view ot" a four-pole Wagner motor is shown in F% 
dJ'JI, Tho comnuilator is radial so that tlic brushes can be lifte 
(ifTthf comiuutntor by a movement jxtraUet to the armature shaft. 
At utAHii)^ the brushes (which arc connected by short heavy cwi- 
ihu'torK) ir«t AiJiiinNt the commutator and short-circuit the ama' 
ItiiT »!• above explained, and the machine acts as a repulsioa 
luotvw. When n cvrtiun speed is readied the weights V, F^; 
3'4, are llmnvn outwards by centrifugal action, and the conoecl 
iiig rods V push the sleeve / along the shaft, brir^ring t' 
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r ring K into contact with the inner ends of the commu- 
tator segments and lifting the brushes off the commutator. The 
machine then operates as a single-phase induction motor. The 
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147, RMipltillatl4Ni. — The pimAf; Aifrrt xc dn«4el 
cliicfly li> the (IJKUflMon oTindividuI watimes sad as tbc Jfet' 
mUii, ihc tran«rormcr, the inductioa motor, aad Ac ratef cob- 
vrrlcr, uml but little has been said at Ac < miiMMtJoBs if 

nmclilncH into complete systems for the gematioa, tiansnisaon 
anil iitIli»itlon of power. This chapter iricxs to the gcoenl ar- 
nilitfcrncnt of ap[)aratus in generating and icccivHig staAons and 
(tiiipIiT XVI refers to the arrangement of tian snii ssion lines. 

McHt of tlic detail?! of arrangement in genaatii^ and receiving 
eluIioriN rrfer to the accessory apparatus which must be used for 
nintiolliiig untl operating the various machines. Thus, a group 
rtf iUtt^rnaliiig -current generators operating in parallel require the 
ftilliiwina acccHBory apparatus : One or more exciters with their 
Hold rhdoHtiitN and switches, field regulators such as the Tirrill 
rcgiilittiir which U briefly described on page 14 and more fu^ 
dpNcrlhcid in Art. 155, ammeters, voltmeters, potential and 
runt tnmxfornicrs (see pages 46 and 234), switches for oj 
(tnd finding ttlo main circuits of the generators, and synchromil 
lug dcvicfH {"cc page 155 and also Art. 151). Quick -acting d( 
rilit-lireakera are preferably inserted in the various feeder di 
liccHiiMv K (juick-acting circuit-breaker in the main circuit of' 
gtiiierHtttr throws the entire system out of operation in case of 
xliiirt circuit. 

A "et of fectlera, Hingle-pha.sc or polyphase, leading out fna 
gotierating station to a certain locality is generally provided ird 
the following accessory apparatus in the generating statitf 
■witchcM, circuit breakers or fuses, ammeters, ground detecW 
and lightning arresters.* A voltage regulator (and voltmett^' 
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sometimes installed in connection with a set of feeders as ex- 
plained in Art 1 50. 

A synchronous motor is generally provided with switches and 
fuses, an ammeter, an exciter with its switches and rheostats, a 
synchronizer, and an arrangement for starting. In some cases, 
an auxiliary motor is used as a starter, and in other cases a 
synchronous motor is started by inherent induction motor action 
as explained on page 271, in which case a starting compensator 
3 used as explained on page 267. 
A synchronous converter is generally provided with the same 
:cessory apparatus as a synchronous motor with the addition of 
I complete direct-current switchboard equipment* 

A small induction motor is usually provided with a switch and 
Large induction motors, however, are usually provided 
witches and fuses, ammeters, and starting compensators, as 
escribed on page 367. 

Wattmeters are frequently installed in connection with alter- 
inating-current generators in order that the station attendant may 
lave a knowledge of the relative power outputs of the several 
aierators. Sometimes watt-hour meters are installed in a gen- 
rating station to record the total output of energy, and watt-hour 
peters are frequently installed in connection with synchronous 
botors, synchronous converters, and induction motors. 

148. Switchboards for generating stations. — An alternating- 
Pcurrent generating station is usually equipped with a number of 
alternators, and one or more direct- current exciters; and such a 
tation generally delivers current to a number of feeder circuits, 
lach alternating-current generator, each direct-current exciter, 
pid each pair of feeders must be provided with accessory devices, 
S specified above, and it is the usual practice to group all of the 
fccessory devices belonging to one machine, or to one pair of 
seders, on one switchboard panel. Thus, we have what are 
^\c6 generator panels, exciter pajteh, asid feeder panels. 
\ When a station is equipped with several alternating-current 

•See pages 184-199 of the first volume of th[s text. 
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generators which are to be operated in parallel, the main conducs 
tors, to which the generators are to be connected, run back of al 
the switchboard panels and these main conductors are called tl 
main bus-bars. 

An auxiliary set of bus-bars, called the synchronizing hats, 
connects all of the generator panels, and is so arranged that a 
single synchronizing device may be used when any one of ths 
generators is to be put into operation and connected in paralld 
with the others. 

Whenever it is desirable to have a ground connection at each 
switchboard, a single wire is installed back of all the switch- 
boards and connected to ground. This wire is called the 
ground bus. 

Generator Panels. — Figure 275 shows the complete connec- 
tions of an alternating-current three-phase generator 
(A. T. G. panel) including the connections of the exciter. The 
generator is represented as a revolving field machine, the exciting 
current being delivered to the field windings through collector 
rings, The field switch is provided with what is called a d 
charge resistance to prevent excessive sparking and possible 
damage to the insulation of the field windings when the field ci^ 
cuit is opened. A rheostat is shown in the field circuit of the 
generator, and another rheostat is shown in the field circuit of the 
exciter, The three armature terminals of the three-phase generator 
are directly connected through the three ammeters and through 
a three-phase single-throw oil switch to the main buses,* 
"potential transformers " are shown connected to the three-phase 
mains (the use of two transformers for three-phase transformation 
is explained on page 222), and the low voltage coils of the poten- 
tial transformers are connected to what is called the " potential n 
ceptacle " and the " synchronizing receptacle," as indicated. TTb 
potential receptacle is a form of plug switch into which the "poten- 
tial plug" may be inserted to connect the voltmeter so as tl 

*In some cases, two separate scti or main buses are installed, and eacbof Ibeo 
twitches ii double-throw so that any geoErator may be connected to eithei sel of Im 
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isure the voltage of any one of the three phases, as may be 
een by tracing the connections from the potential receptacle and 
Kitential plug to the voltmeter in Fig. 275. The sj-nchronizing 




ptacle is a phig switch into which the two fnmis of " syti- 
:hronizing plug " may be inserted, namely, the " starting plug " 
ind the "running plug," 
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Other generators being in operation and connected to the n 
buses, the generator which belongs to the panel shown in F^ 
3/5 is started as follows: The "starting plug" is inserted int 
the synchronizing receptacle {"running plugs" being in I 
synchronizing receptacles of all the machines which are alread 
in operation), and the exciter is started and brought up to fuH 
speed. The new generator is then started and brought up t( 
approximately full speed, its field rheostat is adjusted until tl 
voltmeter shows that its voltage is approximately the same a 
the voltage across the main bus-bars, then the speed of the im 
ing engine is carefully adjusted until the synchronizing devk 
(either synchronizing lamps or a dial synchronizer) shows tl 
the two necessary conditions which are explained on page 15 
are satisfied, and then the three-phase single-throw oil switch i 
closed so as to connect the alternating-current generator t< 
bus-bars. The generator is then in full operation and the " 
ning plug" is put in place of the "starting plug" in the synchro 
nizing receptacle. 

In the case of direct- current generators operating in paralle 
the ammeters indicate the relative loads on the two machine 
In the case of alternating-current generators operating in paialle 
however, the ammeters on two machines may give the same iniS 
cadon and still the power output of one machine may be muc 
greater than that of the other. It is desirable, therefore, to insta 
a wattmeter on each generator panel so that the approximate 
power output of each generator may be indicated, and the fid 
rheostats of the generators adjusted to make them share t 
station load equally. 

In many cases the ammeters for indicating the altemating-c* 
rent delivered by each phase of an alternating-current gener 
areconnected through currenttransformers. In Fig. 275,howevO 
the ammeters are shown inserted directly in the generator lea 

•A single watlineter indicates the approiimale valae of the power deliveredl 
polyphase generator when the system is approiimalely balanced, 
pnge 11 a. 
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It is not desirable to use automatic switches (circuit breakers) 
on alternating -current generator panels. Thus, the three-phase 
single-throw oil switch shown in Fig. 275 has no trip coil and it 
does not automatically disconnect the machine in case of overload 
or short- circuit. 
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bIh^Wb tllc front view of an alternating-current single-phase feeder 
(lanpl (A.S.r, imnel), and the connections on the back of the 
BBinc, TIio voltmeter is represented as being compensated as 
0X{)lHlned in Art, 152; the main switch is a double-pole double- 
tlmiw HUtitinitlic oil switch arranged to connect the pair of feeders 
to 011c or another pair of buses ; and the connections of a volt^ 
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regulator (see Art. 1 50) are indicated, the regulator being operated 
by the hand wheel shown on the front of the switchboard. 

An alternating-current three-phase feeder panel (A.T.F, panel) 
audits diagram of connections arc shown in Fig. 378. In this 
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case, the main switch is a three-phase single-throw automatic oil 
switch so arranged that an excess of current in either one of two 
of the feeder wires may trip the switch. 

Figure 279 is a front view of a three-phase switchboard con- 
nsting of two generator panels, and two three-phase feeder panels. 
A synchronism indicator of the dial form is shown mounted on a 
!l)racket at one side of the board. In this switchboard the exciter 
i^cessories (rheostat and field switch) are mounted on the gen- 
erator panels. 
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Complete wiring diagram of a large alternating-current generat- 
ing stati^)n. — In very large alternating-current generating stations 
a synchronous motor or an induction motor is sometimes installed 
in preference to a small steam engine for driving auxiliary appa- 
ratus, and if direct current is needed for local service it is usually 
supplied by a rotary converter which is driven by the main alter- 
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nating-current generators. Thus Fig. 280 is the complete wiring 
diagram of a power station consisting of a three-phase, alternating- 
current, steam-turbine driven, 2,300-volt, 1 ,000-kilowatt generator 
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A,.T.G. 2,300 V. 1,000 K.W.), and a so-ldlowatt exciter driven 
j'an alternating-current, three-phase, 2,300-volt, 7 5 -horse-power 
iduction motor (A.T.I. 2,300 V, 75 H.P,). The figure shows 

.liitiigj. 
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current thrtK-phase feeder panels (A.T.F. 2,300 V. 75 Amp.}. 
The figure shows also the connections of a 300-kilowatt, three- 
pliasc synchronous motor (2ATV 2,300 V. 300 K.W.), and the 
connections of a 300-ki!owatt six-phase rotary converter {AHR 
2,300 V. 300 K.W.) with its step-down transformer and syn- 
chronizing receptacle. 

The " TA regulator " which is indicated in Fig. 280 is an 
accessory of the generator {ATG 2,300 V. 1,000 K,W.). The 
connections of the " TA regulator" 
I are not fully shown in Fig, 280 
' but they are described in detail in 
Art. 155. The oscillating armature 
of the voltage regulator short-cir- 
cuits a resistance, as explained in 
Art. 155. This resistance may be 
inserted permanently either in cir- 
cuit with the field winding of tlie 
exciter or in circuit with the field 
winding of the alternating-current 
generator. This resistance is marked 
"equalizer rheostat for TA regu- 
lator" in Fig. 280. 

The device on each feeder panel 

marked " relay" in Fig. 280 serves 

to control the time which elapses 

between tile instant of an overload 

or short-circuit on the pair of feeders 

and the instant of tripping of the 

circuit-breaker. 

The essentia! features of the ground detector which is shoOT 

in Fig. 280 are described in Art. 153. The dial synchronizer. or 

synchronism indicator, which is shown in Figs, 279 and 280, is 

described in Art. 151. 

. Switchboards for receiving stations, (a) Induction mwW 
\ — Small induction motors ai-e generally provided with a 
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(switch for closing the circuit and a fuse for opening the circuit in 
«aae of excessive over-load or short-circuit, and these simple 
accessories are usually mounted on the wall conveniently near to 
the motor. Large induction motors are usually provided with an 
autotransformer for delivering current at reduced voltage at start- 
ing, as explained on page 267, and it is usual to provide an auto- 
matic oil switch, or circuit-breaker, and an ammeter, and these 
accessories are usually mounted on a switchboard panel as shown 
in Fig. 281, The diagram of connection for a three-phase induc- 
tion motor and starting compensator is shown on page 268. 
Figure 282 shows front and side views of the panel shown in 
Fig, 281. 



^m^ 




Synckron&us converter panels. Figure 280 shows a six-phase 
synchronous converter (AHR 2,300 V 300 K.W.) with an oil 
switch, current transformer and ammeter, synchronizing recepta- 
cle, potential transformer, and three step-down transformers which 
are delta-connected to the supply mains and which supply six- 
phase currents to the converter through an induction regulator. 
The regulator is operated by a small motor, and the field winding 
of the rotary converter is broken up into sections to avoid the 
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accumnlatioa of h^h voltage at starting, as explained on page 272. 
The essential connectioas of two three-phase rotar>- conrerteis 
to the altemating-curreiit supply and to the direct-current bus- 
bars are shown in Fig. 2S3, and one mode of connecting a six- 
phase com-erter through its step-down transformers to the alter- 




nating-current supply is shown in Fig. 284.* Figure 2; 
complete diagram of connections of a three-phase rotary converter 
arranged to deliver direct current to a street railway. No choke 
coils are shown in connection with the lightning arresters in Fig. 
285. In fact, however, a choke coil is inserted in each of the 

' "^ page ajo- 
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itransmission Hues between the point of attachment of the lightning 

arrester and the bus-bars in the station. 

Synchronous motor panels. — A synchronous motor panel is 
essentially the same thing as the alternating-current panel of a 
synchronous converter, except that a synchronous motor panel 
usually includes the switches and rheostats of a small direct-cur- 
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rent generator, the exciter. Thus the right-hand side of Fig. 285 
shows the essential features of a three-phase synchronous motor- 
panel, except that the exciter accessories are absent. Figure 280 
shows the connections of a three-phase synchronous motor {3 A TV 
2,300 V. 300 K.W.) with its field current supplied from the same 
exciter that supplies field current to the main generator. This 
synchronous motor is arranged to be started by inherent induc- 
tion-motor action, as explained on page 271 and in this case no 
synchronizing device is used. 

150. Voltage regulators. The simplest device for regulating 
the voltage of a pair of feeders in a generating station, or for 
regulating the voltage of alternating-current supply to a rotary 
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converter, is to bring out a number of taps from the primary 9 
secondary coils of the step-up or step-down transformers a 
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inge a switch so that the number of turns of wire in the trans- 
irmer coils may be altered at will, thus varying the ratio of trans- 
^miation and changing the secondary voltage even tliough the 
rimary voltage be constant. Thus, Fig. 2S5 shows three taps 
Tought out from successive turns at one end of tlie primaries of 
ach of the step-down transformers. This device for regulating 
he voltage deUvercd to a receiving circuit is usually called the 
'ial regulator. The details of the dial regulator are shown in 
•"ig. 286. The contact finger, which is shifted from one to 




Bother of the contact points i, 2, and 3, consists of two pieces 
if metal a and b far enough apart to bridge across from one 
ontact point to the next as shown. With this arrangement the 
ircuit is never broken as the contact finger is shifted over the con- 
act points, and the short-circuit of one turn of the transformer 
vhich takes place when the contact finger touclies two contact 
)oints includes the two choke coils CC which are so wound on 
in iron core that they permit current to flow outwards or inwards 
.hrough both as indicated by the arrows, but do not permit it to 
^ow outwards through one and inwards through the other. 

Another form of voltage regulator is shown in section in Fig. 
287. Imagine an iron carcase, similar to the carcase of an in- 
duction motor, to have a single-phase primary winding on its 
stator and a single-phase secondary winding on its rotor. Such 
a transformer could have its primary winding connected across 
the supply mains and its secondary winding connected in series 
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with the drcuit leading to the receiving circuit <^ which the vi 
a]^ is to be regulated, and to turn the secondary memb 
hair a revolution would be equivalent to reversing its c 
so that the electromotive force generated in the secondary ma 
her could Uc added to or subtracted from the supply voltage I; 
adjusting the position of the secondary member, thus making i 
receiver-circuit voltage greater or less than the supply voltaj 
Thh form of regulator is usually called the induction regulabrj 



?n^^^={U 




It can be arranged to raise or lower the voltages of any nuB 
ber of phases simultaneously, by providing the primary a 
the secondary members botli with polj-phase windings, 
secondary member in Fig. 387 is supported on the sjundle i 
and it may be turned into anj' position by means of the I 
wheel and womi-gcar shown in the figure. 

161. The dial syBchroDizer is a device for causing a pcnntertf 
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Se at a speed which is equal to the difference in frequency of 
•.sources of alternating current. Figure 288 Is an external 
' and Fig, 289 shows the essential features of the dial syn- 
nizer of Mr. Paul M. Lincoln, Suppose that an alternator 
t to be started up, brought into synchronism with alternators 




idy in operation, and connected to the bus-bars in parallel 
i the other alternators. The synchronizer being connected 
plained below, its pointer does little more than vibrate at 
} but, when the frequency a of the alternator A is nearly 
Mt as the bus-bar frequency b, the pointer begins to folate 
:ed equal to 6 — a, becomes stationary when a^^ 6, and 
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starts to rotate in a reverse direction when a is greater than S. I 
When the pointer rotates very slowly we have approximate syn- 
chronism, when the pointer is in a certain position the alternator 
A has the proper phase relation to the bus-bar voltage, and when 
both of these conditions are realized the main switch which con- 
nects alternator A to the bus-bars is closed. 

The potential transformer which is connected to the bus-bars 
supplies current to the windings 55", Fig. 2S9, and the potential 
transformer which is connected to the machine whieh is being 
started supplies current to the two windings C and i3 of a 
rotating armature A. The collector ring g ia connected to one 
of the terminals of the " machine -transformer " and thence to the 
common junction e of the coils C and D, so that coil C is 
connected between the terminals of the "machine-transformer" 
with a high inductance L in series with it, and coil D is con- 
nected between the terminals of the "machine-transformer" with 
a large non-inductive resistance R connected in series with it 
The core A is mounted on a spindle which carries the pointer «, 
Under these conditions the pointer n stands stationary when the 
bus-bar voltage and the machi ne voltage are in exact synchronism, 
and when the two voltages are not in synchronism the pointer « 
rotates in one direction or the other at a speed which is equal to 1 
the difference of the frequencies of the two voltages, 

152, The compensated voltmeter. — When a voltmeter is cott^ 
nected between the mains at a generating station, either direc 
or through a potential transformer, it of course indicates the volt- 
age between the mains at the station, which is generally greawB 
than the voltage between the mains at a distant receiving station. T 
It is frequently desirable to control the voltage between a pair I 
of feeders at a generating station so as to maintain a constant I 
voltage at the distant receiving station which is supplied with I 
current through the given pair of feeders, and, in order to do this, I 
it is necessary to airange a voltmeter in such a way that it w 
indicate tfu voltage across the maim at the distant receiving sta. 
\ voltmeter so arranged is called a compensated voltmeter, » 
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^i»e essentia) features of the compensating device are as follows : 
I'lie voltmeter V Is connected to the mains through a potential 
■transformer PT and in series with an adjustable resistance r 
3Jid an adjustable reactance x through which a current i pro- 
portional to the line current / is sent from a current trans- 
former CT, as shown in Fig. 290. The relationship between 




the voltage B^ at the generating station, the voltage £^ at the 
^ receiving station, the line current /, the line resistance R and 
■ the line reactance JC is shown in Fig. 291, Let c^, Fig. 292, 




t 



represent the secondary voltage of the potential transformer, and 
let ri and xi be the voltage drops across the resistance r and 
the reactance x, of Fig. 290, respectively, so that f, is the 
voltage which acts on the voltmeter. Then, since i bears a 
fixed ratio to / (the ratio of transformation of the current trans- 
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fa(nu)a ft if p^mJJ^ to choose the values of x and r so thda 
dK dock d^pB^ F^. 292, is exactly siiiular to tbe clock dia^a 
gtai^ F^. 291. Under these coiuEtions the voltage f, whidtl 
acb OB the wjhif.l1, t bean a fixed ratio to £^ at the r 
sbtiaa aad the vohneter scale is numbered so as to indicate t1 
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151 &Qwtd detacton.* The electrostatic ground detector a 
almost uni^'^rsally used for modetately high voltage altemating- 
current feeders. The essential features of the electrostatk 
ground detector are shorn) in F^. 293. Two insulated metal 
plates C and D are connected to the two feeders A and B^ 
and a light metal \'ane V b suspended between C and J 
and connected to earth. The grounding of feeder A >. 
lishes a connection from .4 to I ' so that the voltage between 
C and V is zero, whereas the voltage between D and V is 
large and the vane is attracted by D. The grounding of feedef 
B in the same way causes the vane to be attracted by C. Fig. 
294 shows the electrostatic ground detector of the Westing- 
house Electric & Manufacturing Company. In this instrument 
the moving vane is arranged so that it can not be brought into 
contact with the stationary plates however far it may move, and 
additional provision is usually made to avoid possible short- 

•The use of incaDdescent lamps « groond detectors is d 
3(0 of Ihe Rnl volume oftbU text. 
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rcuit through the ground detector, by inserting a condenser 
between A and C and another between B and D in Fig. 293, 
which represents the diagram of connections of the Westing- 
house ground detector. 

154. Oil switches. — Figures 295 
and 3g6 show front and rear views 
of an automatic oil switch (circuit- 
breaker) of the Westinghouse 
Electric and Manufacturing Com- 
pany. Figure 295 shows the trip- 
ping magnet which releases the 
lever of the switch and causes the 
switch to open, and Fig. 296 shows 
the essential parts of the switch. 
This particular switch is a three- 
phase single-pole switch, that is to 
say, it is three separate single-pole 
switches, one for each phase of a 
three-phase system, and each switch {Smichi»«d MmnUng— From viewj 
breaks under oil. One of the oil 

vessels is shown removed in Fig. 296. 

155. The Tirrill regulator. — The essential features of the 
Tirrill regulator as constructed by the General Electric Company 
are shown in Fig, 297. 

The contact C short circuits the field rheostat of the exciter ; 
when the contact C is closed the exciter voltage rises, the cur- 
rent in the field winding of the main generator grows, and the 
voltage of the main generator tends to increase. 

The relay R, witJi a differential winding A and B, actuates 
the contact C, When the points T and T' are noi in contact, 
current flows through coil A only, the relay is excited, and the 
contact C is opened; when the points T and T' are in con- 
tact, the current which flows through coil B neutralizes the 
magnetizing action of coil A, the relay is not excited, and the 
contact C is closed. 
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A solenoid, called the D. C. soltnoid, is supplied with curreiitl 
from the exciter bus bars, and it acts upon a plunger P which'l 
actuates the Icv-er Z. A set of springs (not shown in the figure) I 
are attached to the Ic^-er L and adjusted so that the lever moves I 
through a certain dtfimU range when the voltage of the exciter I 
changes from its lowest value (amount required to give nonmt I 




voltage on the alternating-current generator at zero load) to ; 
highest value (amount required to give nonnal voltage on i 
alternating-current generator at full load)r 

Suppose the contact point T* to stand in a given fixed 
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tion, then, if the points T and T' do not touch, the relay is 
excited, the contact C is open, and the exciter voltage decreases 
thus causing the plunger to rise until the points T and T' 
ome into contact. The moment this contact occurs, the relay 




I'loses its excitation, the contact C closes, and the exciter voltage 

Ftises very slightly and at once separates the points T and T' . 

I^his separation of the points T and T' is followed by a slight 

^rop of exciter voltage which quickly brings the points T and 
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'P into contact a^ain, after wbkb the c 
Ciiiinint; the points 7" and 7"' to ! 
ri:-iult IM that tht exciter vollagi is kept auilt^mg vaj^^^^^ 

above and Mtnv the value necesiary to kt>id the /<t»w L im dfl 
fnuition which barely gives contacl hetiveen T amd T*. If t]i« 
terminal T' U [xmnancntly lowered, the exdter volt^e i« 
reduced until T and T' come into contact and the above- 1 
(lcNL-i'(lK:d OHcillations begin. If the pcnnt T' b perrnaDcn^ I 
rulicil, the CKcitcr voltage is increased until the above-<te- \ 
m:i'ilic(t (wcillations begin. Therefore, all that is needed to vaiy I 
tilt: field excitation of the alternator is to cause the point V I 
In iiiiivc tiji when the field excitation is to be increased, and I 
111 cause it to move down when the field excitation is to be I 
dci'rcttJted. I 

This movement of the terminal T' is accomplished by means I 
of «n AX', solenoiii and a plunger P'. The plunger P' sm 
i:iuii)U'i|>iii!>c(l by the weight W, and the end of P' is neartbJ 
miildlc of the solenoid ho that an extremely slight change of tbd 
nltfrnittini; voltage which acts on the solenoid will cause P tfl 
lUovp up or down through a considerable distance. Then anjfl 
vtr>* ullyllt reduction of the alternating voltage lowers P' aiifl 
rrtUri* the |Kiint T' which causes an increased excitation oftlifl 
«HriH(ilor AJt above described ; and any very slight increase of ti^| 
ctllri'tiHlIn^ voltiiRC raises /" and lowers the point T' whii^| 
caii-icn n decreased excitation of the alternator. H 

ir It in de^ircit to mHJntatn a constant voltage between the altdH 
nntinti-iiiirrcnt buit bars in the station, the A.C. solenoid is coafl 
iiectcd exactly as an ordinary voltmeter would be (through fl 
potential trwnHformer to the high-voltage alternating-current bifl 
bam). fl 

If it \a dcMircd to cause the station voltage to increase wi4H 
increftae of current output so as to compensate • for line drop d I 

* Thli ctimpetiMlluii i) nol thniTelicatl^ conect because a Tariation of the natt I 
ruloT of the receiving circuit tci'M giitu vatii/ efcurr/Hi oHtfmt of the itatmt altal 
IAb line {Irap. See Art, isaun (hn compEiisated volimeter. J 
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tage, the A.C. solenoid is compounded, that is, it is provided 
h two windings, one of which is connected to a potential trans- 
mer and the other is connected to a current transformer. 
[n practice, condensers are connected across the contacts C and 
^' to reduce the amount of sparking, and reversing switches 
arranged to reverse the currents through C and through 7T' 
Lce a day) so as to give equal wear on the contact points. 
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156. Direct-current and alternating-current line calculations com- 
pared. — A transmission line is generally designed to deliver a 
certain amount of current to a receiving circuit at a specified 
voltage, the difference between generator voltage and receiving 
circuit being given. In the case of direct-current transmission, 
this problem is solved by considering the resistance drop RI in 
the line, as fully explained in Chapter IX of the first volume of 
this text. In the case of alternating current, an exact solution of 
the problem would require the effect of line resistance, of line 
inductance, and of line capacity to be taken into account. The 
effect of line capacity, however, is negligible on moderately short 
lines and it is ignored in this chapter.f 

In the case of alternating current, the product of line resistance 
by the effective value of the line current is called the resislamt 
drop in the line, the product of the line reactance by the effective 
value of the line current is called the reactance drop in the lin 
the product of the line impedance by the effective value of 
line current is called the impedance drop in the line, 
numerical difference between generator voltage and rece 
voltage is called simply the line drop. The general relado 
between resistance drop, rl, reactance drop, xl, and the imp 
dance drop, cf is shown in Fig. jg. Chapter IV and it 
that the line drop {difference in numerical values of E^ and 
depends not only upon tlie value of the impedi 
{/j/r' + x^), but also upon the phase relations as shown in Fig. 79 

167. Line resietance. — The resistance of a wire for alternating; 
current is in nearly alt practical cases equal to the resistance of 

* See a paper by F. A. C. Peirine and F. G. Baura, TraHsaiHons Am. Inst. £- £■ 
Vol. XVII, pages 345-377 ; also a paper by F. G. Baum, Trans. Inl. Eltc. Cong. Vol. 
II, pages 343-178, St. Louis, 1904. 
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the same wire for direct current When the wire is very large, ' 
however, or when the frequency is very high, the alternating 
current near the axis of a wire lags in phase behind the current 
near the surface of the wire, and the resistance of the wire is 
therefore larger for alternating current than for direct current. 
This effect is called the skin effect* 

158. Line reactance. — The reactance of a transmission line 
(outgoing and returning wires side by side) depends upon the 
size of the wires and upon their distance apart center to center, 
and it is proportional to the length of the line and to the fre- 
quency.f The following table gives the resistance and reactance 
per half-mile of transmission line : 

Resistance and Reactance of One Mile of Wire (>^ Mile 
OF Transmission Line) (Emmet). 




2&a 



.6S8 



.588 
.603 



.742 



776 



I 168. Calculations of a single-phase transmission line to give a 

ecified line drop.^ — A single-phase transmission line is to 

deliver a prescribed amount of power P at a prescribed electro- 

* See Merrill, Physical Rniinv, Vol. 5, page 47. 

tThe formula for the reactance of a tine is developed in AppeDdii A, and so alio is 
the formula for line capacity. 

{ See a paper by R. D. Mersbon, Amtrican Eltctrician, June, 1 897, 
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motive force E^ to a receiving circuit of which the power factor, 
cos d, is given ; the line drop, frequency, length of line, and (Es- 
tance apart of wires being given. 

The generator voltage £, is equal to the sum (numerical sura) 
of £", and line drop. 

The full load current / is found from the relation f/cosC 
equals P. 

The component of E^ parallel to / is £", cos 8, and the 
component of £, perpendicular to / is £, sin 8. 

By treating the problem first as a direct-current problem, the 
approximate resistance r" of the line is found from the relation 
r' I equals line drop. From this approximate resistance and the 
known length of the line, the approximate size of the wire and the 
line reactance jc may be found from the table ; and since the line 
reactance varies but little with the size of the wire, the value of 
need not be further approximated. 

The component of E^ parallel to / is £, cos 6 + rl, where r 
is the true resistance of the line, and the component of E^ perpen- 
dicular to / is E^ sin 6 -j- xT. Therefore 



£,* = (£, cos e + rl)' + (£, sin 8 + x/f 



_ v'£,' — (£; sin 8 + x/f - E, cos 6 



(i) 



From this equation the true line resistance r may be found 
and thence the correct size of wire. 
£xa»i/>U: 

E, = 20,ooo volts. 
" P= I, ooo kilowatts, 

cos = 0.85 = power factor of receiving circuit, 

E^ = 23, OCX) volts, or line drop = 3,000 volts. 

frequency = 60 cycles per second, 

distance = 30 miles. 

distance apart of wires = 1 8 inches. 
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From these data we find : 
/= 58.8 amperes, 
r* = 5 1 ohms. 
Therefore, from the table we find that, approximately, a No. 2 
B & S. wire is required so that x=' ^j.y ohms. 
Furthermore, 

£■, cos = 17,000 volts. 
£, sin B -\-x!= 1 2,700 volts. 
and from equation (i) we find 

'■= 37-3 ohms, 
from which the correct size of wire is found to be, approxiniately, 
a No. I B. & S. 

160. Calculation of double line for two-phase transmission {/our 
wires). — In this case each line is calculated to deliver half the 
prescribed power. Thus, if it is desired to deliver 1,000 kilo- 
watts at 20,000 volts two-phase, at a frequency of 60, line drop 
of 3,000 volts, etc., then each line is calculated as a single-phase 
line to deliver 500 kilowatts at 3,000 volts line drop. 

161. Calculation of a three-wire transmission line for three- 
phase currents. — The calculation will be carried out for the case 
in which both the generator and the receiver are Y-connected as 

shown in Fig. 298. If it 
is desired to state the 
problem by specifying 
ike voltage between mains 
at generator and at re- 
ceiver and current in each 
main, the specified volt- 
age between mains may be divided by 1/3 to give the values of 
£j^ and £, (see Fig. 298). 

Let cos 6 be the power factor of each receiving circuit, P 
the total power to be delivered, £', the electromotive force be- 
tween the terminals of each receiving circuit, and E^ the elec- 
tromotive force of each armature winding on the generator ; all 
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prescribed (see Fig. 298). Then 

from which the full-load line current / may be calculated. 

The numerical difference £|, — £j is the electromotive force 
drop in one wire. Therefore, looking upon the problem as one 
in direct currents, we have £^ — £, = r"/, where r' is the ^ 
proximate resistance of one wire. From this the approximate 
size of the wire may be found from the table. 

Consider one of the wires, say wire number 2. The other two 
wires together constitute the return circuit for this wire, and, the 
three wires being arranged as indi- 
cated in Fig. 299, the distance from 
wire number 2 to each of the other 
wires is equal to d, which is given. 
Find the reactance :r of a pair of 
wires at the prescribed distance apart 
center to center, from the above table. 

The component of £, parallel to ^g 
/ is E^ cos 6, and the component of 
£, perpendicular to / is £, sin 8. 

The resistance drop in one main is 
;-/ and the reactance drop in one main 
is \xl, theformer being parallel to / 
and the latter being perpendicular to /. Then the componenti 
of £^ are /f, cos^-|-r/, and £| sin 5-J-Jx/, respectively, so tha 
£„' = (£, cos e + riy + (£j sin 6 -f- ^xlf 




^ _ VE^ - (£. sin g -(- jriy - £. cos 
I 
which gives the true resistance r of one wire from which t 
correct size of wire is easily found. 

ExaynpU. — The electromotive force between mains at t 
receiving stations is to be 20,000 volts. Therefore, the clectr* 
motive force between terminals of V-connected receiving drcujB 
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would be 

£, = zo.Ooo -i- 1/3 = 1 1.55° volts (see Fig. 298). 
The electromotive force between mains at the generating sta- 
tion is to be 23,000 volts. Therefore, 

^■„= 23,000 volts --1/3= 13,280 volts (see Fig. 298). 
Further specifications: /*= 1,000 kilowatts, cos^ = o.85, 
frequency = 60 cycles per second, distance = 30 miles, distance 
apart of wires ^21 inches. 

From these data we find /= 34 amperes, and r' = 50.9 ohms. 
Therefore, approximately, a number 5 wire is required. The 
reactance .r of a 30-niile double line of number 5 wires, 2 1 inches 
apart center to center, at 60 cycles per second, is 

x= 41.2 ohms 
which substituted in equation (i) gives 

^ = 46. S ohms 
so that a wire between number 4 and number 5 would give the 
prescribed line drop. 

162. Interference of separate altemating-^urreiit transmission 
lines. — When a telephone line is near an alternating- current 
transmission line, an alternating current may be produced in the 
telephone line in three ways, as follows : (a) By magnetic induc- 
tion, that is the alternating current line may act like the primary 
and the telephone line like the secondary of a transformer ; [6) 
Hy electrostatic induction. The alternating current transmission 
wires are repeatedly charged and discharged with the alternations 
of the electromotive force, and the telephone wires are repeatedly 
charged and discharged "by influence," that is, the positive 
charge on the alternating-current wires draws a negative charge 
into the telephone wires from the ground, and a negative charge 
on the alternating current wires draws a positive charge into the 
telephone wires from the ground. This charging and discharging 
of the telephone wires produces an alternating current in the 
telephone line ; (t) By leakage. If the alternating- current line 
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is not thoroughly insulated from the telephone line, more or li 
current will leak across from one to the other. 

What is here said of the effect of an altemating-cun'mt III 
upon a telephone tine applies also to the effect of one altematiii| 
current transmission line upon an adjacent altemating-curreg 



yczi^c 



>c 



transmission line. These effects are especially troublesome 
however, in telephone lines which are adjacent to altematJng-cu 
rent transmission lines, and they may be obviated • by thorouf 
insulation, and by what is called transposition of wires of one i 
the tines. The essential features of transposition are shown Ji 
Fig. 300. At frequent intervals along the line the two wires 
the line cross over or change places. Fig. 301 shows the method 




FiB. 301. 

of transposing telephone lines. Three cross-arms are attacht 
the pole at which the transposition is to be made, and upcm tl 
middle arm a "two story" insulator is placed so as to bring 
of the wires above the other as indicated in the figure. 

• See a paper by P. M. Lincoln, Transactions of the American Tnstilult of . 
trical Engineers, Vol. ii, pages 245 to 251, niid a paper by F. F. Fowle, ~ 

0/ lie Am/riian Institute of Eleitrical Engineers, Vol, 13, pages 659 
689. The important part of thJB latter paper is included in pages 674 lo 687. 
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1 . A ^lark at break. — When an electric circuit is broken, tl 
current continues to flow across the break for a short tinie, prtf 
during an electric arc or spark. This action of the electric cup 
rent is suggestive of momentum, and, consequently, we sh^ 
speak of the tnoipuntum of tlie eUctrk current. The intensity d 
the spark is a rough indication of the amount of this momentuok! 

The amount of momentum associated with a given current id 
a circuit made of a gi\en length and size of wire depends t 
the shape of the circuit and upon the presence of iron near 
circuit. Thus, a current in a circuit a. Fig. I, has but litt! 




momentum ; the same current in circuit b has greater momol 
turn ; and the same current in circuit c has very much greaS 
momentum. Thus, when the circuit of an ordinary incandes 
lamp is broken, a very slight spark is produced ; the saai 
amount of current flowing through a coil of wire produces I 
much more intense spark when the circuit is broken ; and a s; 
several inches in length may be produced if the coil of wire suil 
rounds a core consisting of a bundle of iron wires. 
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Tlie magnetic field which is produced by an electric current 
eems to be a state of motion of the ether, and the momentum 
r the electric current depends upon this magnetic field. Thus, 

current in the circuit a, Fig, i, produces a very weak mag- 
etic field, except in the small region between the wires, and the 
(omentum of the current is small ; the same current in circuit 

produces an intense magnetic field inside of the coil, and the 
lomentum of the current is correspondingly great ; and the 
lagnetism of the iron core accounts for the very great mo- 
lentum of the current in circuit c. In the following discus- 
on the notion of kinelic energy is used in preference to the 
bb'on of momentum for the reason, mainly, that kinetic energy 

expressed in mechanical units even when it is electrical kinetic 
nergy. 

2 The kinetic energy associated with a current in a circuit, 
[finition of inductance. — The ether motion which constitutes 
le magnetic field in the neighborhood of an electric circuit, rep- 
Ssents kinetic energy, and the kinetic energy which is associated 
ith an electric current is the total energy residing in the mag- 
etic field produced by the current. We shall for convenience 
;al! this the kinetic energy of the current. 
The amount of energy residing in a portion of a magnetic field 
proportional to the square of the intensity of that portion of 
le field. This is analogous to the fact that the energy of a por- 
ion of a moving liquid is proportional to the square of the 
ifclocity of that portion. If the current in a circuit is doubled 
he field intensity is everywhere doubled, so that the energy of 
each portion of the field is quadrupled. Therefore the total 
energy of the field is quadrupled when the current is doubled, or 
jn other words, the kinetic energy of a current in a given circuit 
is proportional to the square of the current, that is 

W-iLi- (,) 

which IV is the kinetic energy of a current, /, in the given 



I 
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circuit, and (J£) is the proportionality factor. The quantity 
is called the inductance of the given circuit, 

Mmnent of inertia of a ivkeel. Analog of inductance. — Ti 
kinetic energy of a rotating wheel resides in the various movir 
particles of the wheel. If the angular velocity a of the whe 
is doubled, the linear velocity of every particle of the wheel 
doubled, so that the kinetic energy of every particle is quadrupled 
Therefore, the total kinetic energy of a wheel is quadrupled whe 
the angular velocity is doubled, so that the kinetic energy of 
given wheel is proportional to the square of the angular velocity 
that is 

W = \Kfa^ 

in which W is the kinetic energy of a rotating wheel, m is 
angular velocity of the wheel, and (JA") is the proportioi 
factor. The quantity K is called the moment of inertia of th 
wheel. 

Units of inductance. — If W in equation (i) is expressed ii 
joules and ;' in amperes, then L is expressed in terms of a 
unit of inductance which is called a henry. That is to say, a 
circuit has an inductance of one henry when the kinetic enei^' 
of one ampere of current in the circuit is one half of a joule. 

If W in equation (i) is expressed in ergs, and / in abamperes, 
then L is expressed in terms of the c.g.s. unit of inductance. 
This c.g.s. unit of inductance is usually called the centimeter for 
the reason that the square of a current must be multiplied by a 
length to give energy or work ; that is, inductance is expressed 
as a length and the unit of inductance is of course the unit of 
length. 

Inductance of a coil. — Strictly, one cannot speak of the induc- 
tance of anything but an entire circuit, inasmuch as every portion 
of a circuit contributes its share to the magnetic field at each and 
every point ; it is, however, allowable to speak of the inductance 
©f a coil when the terminals of the coil are near together, and 
when the remainder of the electric circuit does not produce any 
perceptible magnetic field in the region occupied by the ohI. 
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H Non-inductwe circuits. — A circuit is said to be non-inductive 
^Bider given conditions when the inductance of the circuit is neg- 
Bgible, that is, when the electromotive force L x dijdl* is negli- 
HRily small, as compared with the electromotive force Ri, which 
Hfcercomes the resistance of the circuit. Thus, a given circuit 
Hiight be considered to be non-inductive under conditions involving 
^pow changes of current, whereas the same circuit could not be 
Bpnsidered to be non-inductive under conditions involving very 
^Bpid changes of current. When a circuit consists of outgoing 
^pid returning wires side by side, its inductance is small and it 
Hiay usually be considered to be non-inductive. The wires used 
Hi resistance boxes are usually arranged n on -inductively. This 
^pay be done by doubling the wire back on itself, and winding the 
Boubled wire on a spool. In this case the electromotive force 
Between adjacent wires may be great, and the resistance coil may 
Have considerable electrostatic capacity. In order to make a 
Hon-inductive resistance coil without this defect, the wire may be 
Htound in one layer on a thin paper cylinder so as to bring the 
Bfcrminals as far apart as possible, and this cylindrical coil may 
"hen be flattened so as to reduce the region (inside) in which the 
magnetic field is intense. 

Measurement of inductance. — The most accurate metliod for 
determining the inductance of a coil is by calculation from meas- 
ured dimensions. This calculation can be carried out only when 
_ the coil is simple in shape, and even then the calculation is in 
piost cases quite complicated. The simplest case is given in 
%st. 7. The inductance of an irregularly shaped coil may be 
letermined by various electrical methods, f 

. Electromotive force required to cause a current to increase or 
ease. — To keep a rotating wheel in uniform motion, a torque 
sufficient to balance the drag of friction must act upon the wheel. 
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If the torque which acts upon the wheel is greater than the dni 
of friction, the wheel gains angular velocity, and if the torqi 
which acts upon the wheel is less than the drag due to frictio 
tlie angular velocity of the wheel decreases. 

To maintain a constant current in a circuit, an electromotiv 
force equal to Ri must act upon the circuit to overcome th 
resistance of the circuit. If the electromotive force which ad 
upon tlie circuit is greater than Ri, the current increases in valui^ 
and if the electromotive force which acts upon the circuit is les 
thao ^j, the current decreases in value. Let the electromotiii 
force which acts upon a circuit exceed Ri by the amount f 
then we have : 

a; 

in which L is the inductance of the circuit, and dildt is th 
rate at which current increases. When c is negative (electro^ 
motive force less than Ri) then dildt is negative, that is, the. 
current decreases. 

Mechanical analog of equation (2). — Whenever an unbalanced 
force e acts upon a body of which the mass is /,, tlie boiiy 
gains velocity at a rate dildt such that 

Starting from the fact that force equals mass times accelera- 
tion, it can be shown that the kinetic energy of a movinj 
body is equal to one half its mass times its velocity squared 
The same argument reversed would show that force must l 
equal to mass times acceleration if kinetic energy is equal to oB 
half mass times velocity squared; and an exactly similar argu 
ment would establish equation (2) on the basis of equation (T| 

4. Self-induced electromotive force. Reaction of a chai^ni 
current. — When one pushes on a wheel, causing its speed to iit 
crease, the wheel reacts and pushes back on the hand. This W 
acting torque is equal and opposite to the acting torque which i 



- (force equals mas? times arceleralion) 
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causing the increase of speed. When the speed of a wheel is 
increasing, the reaction of the wheel is a torque in a direction 
opposite to the motion, when the speed of a wheel is decreasing 
the reaction is a torque in the direction of the motion. Similarly 
when an electromotive force acts upon a circuit and causes a cur- 
rent to increase or decrease, the changing current reacts ; the 
reacting electromomotive force is equal and opposite to the acting 
electromotive force, L x difdiy which is causing the current to 
change ; when the current is increasing, the reaction of the cur- 
rent is an electromotive force opposed to the current ; and when 
the current is decreasing, the reaction is an electromotive force in 
the direction of the current. The reaction of a changing current 
is called self-induced electromotive force, 

5. Differential equations of growing and decaying currents. — 

A constant electromotive force S> is at a given instant connected 
to a circuit of which the resistance is R and the inductance is 
L ; after the current becomes fully established it is equal to ^ \R 
according to Ohm's law, but during the time that the current is 
being established a portion of S is used to overcome the resist- 
ance of the circuit and a portion of & is causing the current to 
increase. The portion used to overcome resistance is equal to 
Ri, and the portion used to cause the current to increase is equal 
to Ldijdty and therefore we have 

S = Ri + L^ (3) 

in which i is the value of the growing current at a given instant, 
and dijdt is its rate of increase. 

When a circuit in which a given current is flowing, is short- 
circuited and left to itself without any electromotive force acting 
to maintain the current, the current dies away ; in this case equa- 
tion (3) becomes 

o = Ri + L^ (4). 
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6, Definition of flux-tums. Fluz-tnms due to a current in | 
coil. — The induced electromotive force in a coil of wire is equi 
to ^ X d<^jdl, where Z is the number of turns of wire in ti 
coil, and 4* is the flux through the coil (strictly, the : 
through a mean turn of the coi!). But Z times the rate cr«.i 
change of ^ is equal to the rate of change of the product Z^^ 
Therefore Z^ is a quantity whose rate of change is equal to t^H 
electromotive force induced in a coil. This quantity Z^ ^| 
called the flux-turns. 1 

When a current ilows through a coil the region surroundi »-)ff 
the coil and inside of the coi! becomes a magnetic field, and tJ/c 
lines of force of this magnetic field pass through the coil. Tha 
is, the current in the coil produces magnetic flux through 13 
opening of the coil. Let ^ be the flux through the openin 
of a coil due to a given current ( in the coil, and let Z be (fc 
number of turns of wire in the coil, and L the inductance ofttw 
coil (everything being expressed in c.g.s. units). Then 

Z^ = Li (Sl 

This is evident when we consider that the self-induced electro^ 
motive force in a coil is equal to Z x dijHt, according to Art- 4 
and that L x dijdt is equal to the rate of change of Li; buj 
the self-induced electromotive force is also equal to therattfl 
change of Z<t>, so that Z'i> must be equal to Li* 

7. Calculation of inductance in terms of flux-turns per on 
current. t — According to equation (5) the inductance of a coil 1 
equal to the quotient Z^ji, where Z<i? is the flux-tutn 
through the coil due to current / in the coil. There are iO 
portant cases in which the flux through the coil due to a give 
current may be easily calculated so that the inductance of such 
coil may be easily determined. 



•Inlhis argunieni algebraic signs are ignor 
nrn whm i i& F<[ua1 (a zero. 

t Everything in this irlide is eipressed in 
itated 10 the conlnicy. 
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Case L Long solenoid, — Consider a coil of wire wound in a 
thin layer on a long cylindrical rod of non-magnetic material, 
wood, for example. Let r be the mean radius of the windings, 
/ the length of the coil, and Z the number of turns of wire. 
The field intensity in the coil is c?r= ^irZijl,'^ and the area of the 
opening of the coil is Trr^, so that the flux through the opening 
is ^rn^r^Zijl, and for the flux turns, we have the value ^ir^r^ZHjly 
which, divided by /, gives the value of L as above explained. 
Therefore 

^-i^ (6) 



in which the inductance L is expressed in centimeters. To re- 
duce to henrys, the right-hand member of equation (6) must be 
divided by 10*. 

Case II. Coil wound on an iron core, — A coil of Z turns 
of wire is wound on an iron ring / 
centimeters in circumference (mean), 
and s square centimeters in sec- 
tional area, as shown in Fig. 2. 
The coil produces through the ring 
a magnetic flux which is equal to 
the magneto-motive force of the 
winding divided by the magnetic re- 
luctance of the ring.f The mag- 
netomotive force of the winding is 
^irZi, and the magnetic reluctance 
of the ring is //fw, i being a given value of current in the coil, 
and II being the permeability of the iron. Therefore 




Fig. 2. 



^ = 



/^irZi 
I 



47rfjLsZH 
I 



or <I>Z= .- — = Li 



lis 



* A proof of this equation may be found in Nichols and Franklin's Elements of 
Physics, Vol. 2, p. 119. 

f See Appendix A of the first volume of this text. 
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so that 

It is to be particularly noted that the inductance of a coil of 
wire wound on an iron core varies with degree of saturation of 
the iron, inasmuch as the permeability of the iron is variable. 
Case III. — The inductance of a transmission line is given by 

the equation 

d 
L = 0.0017 X logj,, ]5 X / (8) 

in which L is the inductance of the line in henrys, / is the 
length of the line (actual length of row of poles) in miles, d is 
the distance apart of the two wires center to center, and R is the 
radius of the wires, d and R being both expressed in the same 
units. 

8. Electric charge. — A current of water through a pipe is a 
transfer of water along the pipe, and if q be the amount of water 
which during t seconds flows past a given point in the pipe, the 
quotient q\t is the rate of flow of water through the pipe, and 
this rate of flow may be spoken of as the strength^ /, of the water 
current. Suppose the strength / of the water current to be given 
(rate of flow of water) then the amount of water flowing past a 
given point of the pipe in / seconds is given by the equation 

q = it 

Similarly, an electric current in a wire may be looked upon as 

a transfer of electricity along the wire, and the quantity q of 

electricity which flows past a point on the wire during t seconds 

may be defined as the product of the strength of the current and 

the time. That is 

q = it (9) 

If the strength of the electric current is variable, equation (9) 
must be written in the form 

A^ = /-A/ (10) 
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ijvliich Ay is the small quantity of electricity which flows past 
given point on the wire during the short interval of time A^. 
Quantity of electricity is usually spoken of as electric charge 
simply as charge. 

Quantity of water is the fundamental and easily measured 
;ng in hydraulics, and water current is most conveniently 
rfined as quantity of water per second. On the other hand, 
the case of electricity, the fundamental and easily measured 
ng is electric current and quantity of electricity is most con- 
veniently defined as the product of electric current and time. 

Units of electric charge. — The quantity of electricity transferred 
in one second by one ampere is called a coulomb ; q in equation 
^9) is expressed in coulombs when / is expressed in amperes and 
i in seconds. 

S. Electrically charged bodies. — Consider two metal bodies, 
A and B, Fig, 3, which at a given instant are connected, as 
shown, to the terminals of a battery, or to any source of electro- 
motive force. When the wire 
is connected a momentary pulse 
of current flows through the 
wire out of one body and into 
the other, and the bodies A and 
B are said to become charged 
with electricity. The body into 
which the momentary current 
flows is said to become posi- 
tively charged, and the body 
out of which the momentary 
current flows is said to become 
negatively charged, that is, the *' 

charge on one body is + y and the charge on the other body 
is — q. Electrically charged bodies always occur thus in pairs, 
the positive charge on one body being always associated with an 
equal negative charge on some other body or bodies. 
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The electric field. The dielectric. — The region between tlie 
two bodies A and B, Fig. 3, is of course filled with some elec- 
trical insulator such as air, or oil, or glass. An insulator between 
two charged bodies is called a ditUctric. This dielectric is the 
seat of a peculiar stress called the electric fitid which is similar in 
many respects to the magnetic field. The lines of force of this 
electric field trend somewhat as shown in the figure, touching 
the surfaces of A and B at right angles. These lines of for« 
are thought of as going out from the positively charged bo( 
and coming in towards the negatively charged body. 

Electrostatic attraction. — The charged bodies A and B, 
3, attract each other. This attraction, which is called electrt 
static attraction, shows that the lines of force of an electric field 
are in a state of tension and have a tendency to shorten. This 
tension of the lines of force pulls outwards on the surface of 
and of B at each point. This outward pull on the surface ofj 
charged body is very strikingly shown by pouring a viscid liquji 
over the sharp lip of a charged metal ladle. The liquid is pulled'^ 
into fine jets by the lines of force which emanate from the liquid. 
as it passes over the lip. When melted rosin is used in this way, 
the jets congeal into very fine fibers which float about in the air. 

If a small charged body such as a pith ball be suspended any 
where in the region between A and B, it nill be found to be acted 
upon by a force in the direction of the electric field, that is in the di- 
rection ofthelinesof force at the point where the pitli ball is placed. 

Need of large eliclromotive forces and good insulation. 
phenomena described above and, in fact, most of the phenonw 
of electrostatics are easily perceptible only when the bodies 
charged by electromotive forces of many thousands of 
The most convenient means for producing these large el 
motive forces is the Holtz or Wimshurst electrical machi 
When such a machine is used, however, the bodies A and 
must be well insulated, because such electrical machines cam 
supply charge at a rapid rate, that is such a machine c; 
only a very small current. 
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^ulictrk strength. — When the electromotive force E acting 



, is increased, a value is 



ifaarge two bodies A and B, Fig. 
ntually reached which breaks down, 
"ruptures, the dielectric and allows 
the charge on the bodies to pass in 
the form of an electric spark. VV'lien 
the bodies A and B are flat, as 
shown in Fig. 4, the electromotive ■ 
force required to break down the in- 
tervening dielectric is, for a given di- 
electric, proportional to the distance 
X between the plates, and the quo- 
tient Ejx \s cailed the e/ef trie sfrengf/i ng. t. 
of the dielectric. The following table gives the strengths of 

iious dielectrics, 
TABLE. 
oftarpentine . . . 



y^^ 



87,0 



I ParalTlned paper 360,0a 

Beeswaxed paper 540iOc 

' Air (thickness 5 cm.) »3,8o 



Paraffine (melted) ... 

Kerosene oil 50,000 O '■ " 32,200 

Paraffine (solid) l3o,cx>a II " " 15,100 

10. The condenser.* Electrostatic capacity. — The amount of 
charge y which flows out of B into A, Fig. 3, when the battery 
is connected, is proportional to the electromotive force of the 

ittery. Therefore we may write 
which y is the charge that is drawn out of B and forced into 
A in Fig. 3 by a battery of which the electromotive force is £, 
and C is a constant depending upon the size and shape of A and 
B, and upon the intervening dielectric. This quantity C is called 
the electrostatic capadty or simply the capacity of the pair of 
"See pages 19 to 13 for a description of the Hydraulic Analogue of the Condenser. 
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bodies A and B, If the bodies A and B are in the form of 
metal plates separated by a thin layer of dielectric, their electro- 
static capacity is large. Such an arrangement is called a con- 
denser. Condensers of large capacity are made by sheets of tin 
foil separated by sheets of waxed paper or mica. The Leyden 
jar is a condenser made by coating the inside and outside of a 
glass jar with tin foil. 

Units of capacity, — A condenser is said to have a capacity of 
onQ farad when one coulomb of charge is drawn out of one plate 
and forced into the other plate by an electromotive force of one 
volt; C in equation (ii) is expressed in farads, when j' is ex- 
pressed in coulombs and E in volts. The farad is an enormously 
large capacity as compared with capacities ordinarily met with is 
practice, and the microfarad {otiQ-mWionXh of a farad) is frequently 
used as a unit. 



11. Inductivity of a dielectric. — The capacity of a condenser 
with plates of given size and at a given distance apart depends 
upon the dielectric. The quotient : capacity of condenser wiA 
given dielectric divided by the capacity of the same condenser wit 
air between its plates is called the inductivity of the dielectric 
For example, the inductivity of petroleum is about 2.04, that is; 
the capacity of a given condenser is about 2.04 times as great 
when the dielectric is petroleum as it is when the dielectric is ait 
A condenser is called an air condenser, a mica condenser, or I 
paraffine condenser, according to the dielectric used between fc 
plates. The following table gives the inductivity of a let j 
dielectrics : 

TABLE. 
Inductivities of various substances. 



Glass 3 to 10 

Sulphur 2.24103.84 

Vulcanite 2.50 

Paraffine 1.68 to 2.30 

Rosin 1.77 

Wax 1.86 



Shellac 2.95to>iij 

Mica 4»H 

Quartz ^ 

Turpentine 2. 15 to S 

Petroleum 2.04 toS 

Water 73* 
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12. Dependence of the capacity of a condenser upon the size 
and distance apart of its plates. — The capacity C of an air con- 
denser is proportional to the area a of its plates, and inversely 
proportional to the distance x between its plates, that is C is pro- 
portional to alx^ or the capacity of a condenser with a given 
dielectric is proportional to kajx, where k is the inductivity of 
the dielectric. Indeed the capacity of a condenser may be cal- 
culated by the equation 

ka 



C=885 X 10-'^ X 



(12) 



in which k is the inductivity of the dielectric, x is the thick- 
ness of the dielectric in centimeters, and a is the area in square 
centimeters of the dielectric layer between the plates. This 
equation gives the value of C in farads. 

The capacity of a transmission line, the two wires being con- 
sidered as the two ** plates " of a condenser, is given by the 
Tormula 

^^^^ (.3) 

IO« X logjo -^ 



c= 



in which C is expressed in farads, and /, d and R have the 
same significance as in equation (8), that is, / is the length of the 
line in miles. 

13. Mechanical and electrical analogies. — The analogy between 
moment of inertia and inductance as pointed out in the discussion 
of inductance is but a small part of an extended analogy between 
pure mechanics and electricity. This extended analogy is here 
briefly outlined. 



x = vt ( I ) 

In which x is the distance 
traveled in / seconds by a 
Ixxly moving at velocity v, 

W=z Fx (4) 

in which W is the work 
done by a force F in pull- 



<lt = tjf (2) 

in which is the angle 
turned in / seconds by a 
body turning at angular 
velocity u, 

W= n (s) 

in which IV is the work 
done by a torque T'in turn- 



?='•' (3) 

in which ^ is the electric 
charge which in / seconds 
flows through a circuit car- 
rying a current i, 

W=Eq (6) 

in which W is the work 
done by an electromotlw 



3f^8 
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Ing a Ixxly through the db- ( 
taticc X, 

P I'v (7) 

In which /' is the power I 
(trvrU>i)r(l by a force /"act- ■ 
lug ti|Hiii a IxMly moring at 
vrl(H'ity 7', 

W. \mv^ (lo) 

hi witich W IM the kinetic 
riirrKY of n inaHS- m moving 
at vrhK'lty r. 



b m 



iit 



(«3) 



in whiiii /•' is the force rr- 
i\\\\\r\\ t«» cuu!*r the velocity 
(tf A luxly of nrnHH w to in- 



rrrajif at the rate 



iit 



X iiF 



4fT*M/ I 



ff 



(i6) 
(19) 



^^ 



8 



d^- 



Fis. « 



ing a body tlnoagh the 
angle ^. 

/>= Tb (8) 

in which P is the power 
developed by a torqne T 
acting on a body taming at 
angular velocity u, 

IV=\KJ^ (II) 

in which W is the kinetic 
energy of a wheel of mo- 
ment of inertia K taming 
at angular velocity u. 



dt 



(M) 



in which T is the torque 
required to cause the angu- 
lar velocity of a wheel of 
moment of inertia K to 

increase at the rate - - 

at 

^=:bT (17) 

47r«A' I , . 



force E, iap«afaBgackii{e 
q tl»oa^ acxrcak. 

P= £i (9) 
in wiiich P is tht power 
dcTcloped by an dccdo- 
motive force £ in posfaiif 
a cnrreiit i throogh acinroit 

fV=iLi* (12) 

in whicJi JF is the kinetic 
energy of a coil of indoc- 
tance Z. carrying a current ;. 



I 



£=L 



di 
dt 



(15) 



in which E is the electro- 
motive force required to 
cause a current in a coil of 
inductance L to inaease at 

the rate — 
dt 

q = CE (i8) 

AT^^L I , . 




V^K 



t«»<y I 



l/~oooo(r(5M> 



Fl?. b. 



Fig. c 



A Ixxly of mass m is sup- 1 A body of moment of in- 
jwrtwl by a flat spring vV, j ertia A' is hung by a wire 
clam|)ed in a rise as shown ; as shown in Fig. b. A 
in Fig. a. A force F push- | torque T acting on the body 
ifkg aidewise on m moves it will turn the body and twist i tromotive force E actiag 
H distance x, which is pio* . \he V\te \htou%h an angle [ anywhere in the diciit 



A condenser C b coa- 
nected to the terminah of 
a coil of inductance L as 
shown in Fig. c An de^ 
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»nal to F, according 
uation (16). When 
d the body m will con- 
to vibrate back and 
ind the period r of its 
ions is determined by 
ion (19). 



^, which is proportional to 
T, according to equation 
(17). When started, the 
body will vibrate about the 
wire as an axis and the 
period r of its vibrations 
is determined by equation 
(20). 



pushes into the condenser 
a charge q^ which is pro- 
portional to E^ according 
to equation (18). When 
started the electric charge 
will surge back and forth 
through the coil, constitut- 
ing what is called an oscil- 
latory current and the period 
of one oscillation is deter- 
mined by equation (21 ). 
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14. The split-pole rotary converter.* — The discussion of the 

electromotive force relations of the synchronous converter in Art. 
90 of Chapter IX is based on the assumption that the direct- 
current brushes of the macliine are fixed permanently in the neu- 
tral axis. Under these conditions, the voltage ratio of a rotary 
converter is very nearly fixed in value as shown in the table on 
page 184. A possible method for controlling the voltage be- 
tween the direct-current brushes of a rotary converter (with un- 
varying voltage between the alternating-current terminals of the 
machine) would be to shift the direct-current brushes from the 
neutral axis. In this way the voltage between the direct-current 
brushes could be reduced from its normal value, as given in tlie 
table on page 1 84, to zero. This method of voltage control is, 
however, impracticable because of the sparking which is pro- 
duced at the direct-current brushes when the brushes are shifted 
from the neutral axis. To overcome this difficulty Mr. J. L 
Woodbridge has proposed the jplit-po/e converter in which each 
field pole is split into two (or three) parts. One of these parts is 
permanently excited and it produces the fringe of field wliich is 
necessary for sparkless reversal, as explained on page 162 of the 
first volume of this text. The other portion (or portions) of each 
pole piece is arranged so tliat its excitation may be increased or 
decreased at will, thus shifting the resultant axis of the field with 
respect to the stationary direct-current brushes. The result is 
equivalent to the shifting of the direct-current brushes in so far as 
the voltage relations of the converter are concerned. This type 
of rotary converter is manufactured by the General Electric 
Company, 

* See paper by Comfort A. Adams, Procfedings of Am. Intt. Eltc. Emg., Ji»t 
1908, pp. 899-925. 
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15. A simple repTesentation of the action of the polyphase In- 
duction motor. — A clear idea of the action of the induction motor 
may be obtained with the least diOiculty by considering an induc- 
tion motor of which the stator is supplied with an indefinitely large 
number of phases of alternating current, each phase, of course, 
being supplied by a separate source. Figure 4 shows a scheme 



^^Q'o(D&®m^®^&®®Qo6Q(S>®®m^^®^^3Ci^'^ \ 



for representing the flow of currents in the stator conductors of 
such a multiphase induction motor. The small circles with dots 
and crosses represent the stator conductors (end view), and one 
phase of the winding is indicated in the upper part of the figure. 
Consider the sine curve MAf, and imagine it to travel in the 
direction of the arrow along the axis 00. Then the ordinate 
tn of this curve at any point represents the value of the current 
at the given instant in the stator conductor which is directly 
above m. Thus, the crosses of different sizes in the group a of 
conductors represent currents of different values flowing 
iway from the reader ; and the dots of different sizes in the group 
represent currents of different values flowing towards the reade- 
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Tie grwup a of stator conductors is a group in which currents 
flow awaj- from the reader, the group d of stator conductors is; 
a group ill which currents flow towards the reader, and these twO 
mm/s tra\-el along with the curve MM as the curve moves t 
the right, although, of course, tlie stator conductors thernse!« 
remain stadonarx*. 

F^ure s represents a portion of the stator and rotor of a mul- 
tiphase induction motor, and the ordinates of the moving curve 
.V^f represent the values of the current in the stator conductors 




as in Fig. 4. A careTul study of the figure will show that the 
groups a and d of Fig. 4 produce magnetic flux which crosses 
the gap space as indicated in Fig. 5, tlie regions 5, I^, S, etc, 
being regions of south polarity, north polarity, and south polarity, 
respectively, of the stator iron, and tliese polar regions travd 
along with the moving curve MM. The flux density at any 
point in the gap space is represented by the ordinate i of tho 
curve BB. The currents in the stator conductors, which ai 
represented by tlie dots and crosses in Fig. 5, constitute what ai 
called the magnething currents of the motor, inasmuch as thd 
sole efiect is to produce the moving state of magnetism which I 
represented by the moving curve BB. 



APPENDIX B. 

Figure 6 shows both the stator and rotor conductors, The 
rotor is understood to travel at a slower speed than the magnetism 
BB of Fig. 5, and therefore the rotor conductors are being con- 
tinually cut by the traveling flux so that electromotive forces 
are induced in the rotor conductors. These electromotive 
forces produce currents in the rotor conductors as represented 
by the dots and crosses in Fig, 6. The magnetizing action of 
tiiese rotor currents is balanced by the magnetizing action of 



1©®;^^"^ f *t«tor Iron 
gap apoM 
i®©ODOO<J>®®«yi ^ rotor in: 





additional currents in the stator conductors. These additional 
currents in the stator conductors are called the load currents of 
the motor to distinguish them from the currents which are rep- 
resented in Figs. 4 and 5 (magnetizing currents). A careful study 
of Figs. 5 and 6 will enable one to understand the time-phase 
reladoits of all the electromotive forces and currents involved in 
the action of the motor, and it also will show the interesting space 
relations between the magnetizing currents and tlie load currents 
in the stator winding. Thus, the magnetizing currents in the stator 
windings are at their maximum values in the regions between 
adjacent polar areas as shown in Fig. 5, whereas the load currents 
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in tlie stator windings are at their maximum values in the region 
in the middle of the polar areas. It will be noticed, furthermon 
that the currents in the rotor conductors are at their t 
values in the regions where the flux density in the gap space h 
its maximum values. The torque which acts upon the rotor 
due to the side forces with which the flux pushes on the r 
conductors. 

16. Induced electromotive forces ia the rotor of a single-plu 
induction motor. — The theory of the single-phase induction n 
as developed in Art. 139, Chapter XIII, is based upon a propo 
tion concerning the relationship between the electromotive fon 
which are induced in the rotor rods by a pulsating flux, and I 
electromotive forces which are induced in the rotor rods by t 
cutting of the same flux. Consider, for example, the flux $ 
Fig. 253 of Chapter XIII. Let « be the frequency of the si 
phase alternating -current supply, let «' be the speed of t 
rotor, and suppose, for the sake of simplicity, that the motor is 
the two-pole model as shown in Fig. 253. Consider (a) t 
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electromotive forces induced in the rotor rods by the cutting rf 
<t and (d) the electromotive forces induced in the rotor rods b/ 
the pulsation of O. T/ie electromotive forces {a) are in timi 
quadrature -witk tfie electromotive forces (p), the electromotive for^- 
(<?) are distributed about the axis AA' in exactly t!ie samt 
t/iai the electromotive forces {b\ are distributed about the axis 
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id tlie ratio of tin electromotive forces {a) to the electromotive 
wees if)) is equal to the ratio of n to «', In order to establish 
ese propositions, consider the arrangement shown in Fig. 7, 
imely, a squirrel-cage rotor placed in a uniform magnetic field h. 
lie radial component of this uniform field at the surface of the 
tor is equivalent to a harmonically distributed flux. Further- 
ore, suppose that the uniform field h pulsates in value in 
icordance with the equation 



h = Hsm 2-jrHt. 



(i) 



he motion of the rotor induces electromotive forces in the regions 

A', and the pulsation of the field produces electromotive forces 
the regions BB' . Con- 

der two pairs of opposite 

itor rods pp and qq, as 

lown in Fig. 8, the angle y9 

aving any given value. The 

jove propositions are estab- 

ihed if we can show that the 

ectromotive forces induced 
the rods Pp by pulsation 

e «/« times as great m 

due and in time quadrature with the electromotive forces which 

•e induced in the rods qq by motion. Let r be the radius 

" the rotor and / its length parallel to the motor shaft. 
The radial component of h at the rotor rods qq is equal to 
;8, and the velodty of the rods qq is equal to 2iT»'r 
Therefore the electromotive force which is induced in each of the 
rods q by motion is equal to 21771' r x Ix h cos /3, or, substi- 
tuting the value of // from equation (i), we have 




e = 2Trn'rl//cos ^ sin 2Trnt. 

tThe component of /( which is perpendicular to the pi; 
; turn of wire which is formed by the rotor rods // is 



m 



aneof 
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to h cos ^, so that the total flux through this turn is equal to 
2i-lh COS ;3, that 

*j, = zrlH cos ^ sin 2irnt 

but, d^Jdl(~ i^nrlH cos /9 cos i-^nt') is the electromotive fore 
wliich is induced in the turn of wire, // by pulsation, so that th 
electromotive force which is induced in one of the rods p is 

e^ = TirnrlH cos /3 cos 2irnt. (iii] 

The above propositions are at once evident from equations {i^ 
and (iii). 

A clear understanding of the theory of the single-phase induc- 
tion motor as developed in Art. 1 39 of Chapter XIII depends on 
a clear knowledge of the relationship between the two fluxes 
and *^ in Fig. 253. The flux •!>, which is assumed to be 
harmonically distributed, induces electromotive forces Jn the rotor 
rods in tlie regions AA' because of the motion of the rotor, and 
these electromotive forces due to the cutting of 4> are balanced 
by the electromotive forces which are induced in the regions . 
by the pulsation of the flux 4>_,, A careful consideration of thC 
above propositions will show, therefore, that the flux <t>^ 
time quadrature with the flux 4", that it pulsates at the sara? 
frequency as "t", and that its maximum value is equal to «*/! 
times the maximum value of ^. 

The clock diagram of the single-phase induction motor i 
shown in Fig. 254 of Chapter XIII, involves a very intercstiii| 
consideration of the question as to positive directions around tl(( 
rotor (along a turn of the rotor winding) in the regions A^ 
and BB' respectively. To ignore this question of proper choio 
of positive directions makes it appear that the load current f i 
Fig. 254 should be opposite in phase to the impressed primal^ 
voltage E', which, of course, is incorrect. 

17. Rotor currents of the two-phase Induction motor. — Tb 
discussion of equivalent resistance of the rotor per stator phas 
which is given on page 2S7 is based on the assumption that t 
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inagnetizing action of the " load current " in each " rod " of the 
ator winding is balanced by the magnetizing action of the cur- 
Tit in the rotor rod which is immediately beneath it. This con- 
ation is approximately realized on account of the low magnetic 
(eluctance of the local magnetic circuit which surrounds a stator 
tfot and a rotor slot as shown in Fig. 247. Figure 9 represents 



band of 

gtator conductor 

phase A 



stator conductors 
Ehaae B 



a surface view of the rotor rods and end-rings of a two-phase 
induction -mo tor rotor, and it shows the positions of two adjacent 
bandsof stator conductors of phase A and phase B, respectively. 
The arrows in Fig. 9 represent arbitrarily chosen positive direc- 
tions. All of the rotor rods which lie under a stator band of 
phase A carry equal currents which are in phase with each other, 
lely, the currents which are represented by the vectors i, 2, 
I, 4, 5 and 6 in Fig, 10 ; all of the rotor rods which lie under a 
itor band of phase B carry equal currents which are in phase 
ith each other, namely, the currents which are represented by 
le vectors 7, 8, g, 10, 1 1 and 12 of Fig. 10. It is evident that 
these two sets of currents must be in quadrature with each other 
because they balance the magnetizing actions of " load currents " 
in phase A and phase B, respectively. The currents which 
.flow through the sections a, b, c, etc., of the end-rings cannot 
Ibc completely determined from the vector diagram of currents * 

*Tbe delenninalioD of currents va a network of conduclQirs depends upon the ap- 
eation of two principles, namely, Kirchhoff's first law logelher with the eorditiin 
miminom dissipation of power aa RI* loss in the network. 
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AS will appear later. Let the vector a, F^. lo, drawn from 
any chosen point 0, represent the current in section a of the 
upper end-ring in Fig. 9. It is evident from the choice of signs 
in Fig. 9 lliat the current in section d is the vector sum 
currents a and i , the current in section c is equal to the vecMi 
sum of & and 2, etc. Therefore, in so far as the vector diagi 




of currents is concerned, the currents in the respective section 
of the end-rings may be represented by vectors drawn /rotn aif 
fioinl to equidistant points on the sides of a square. A fin 
ther condition, Itowever, must be satisfied by the current distribi 
tion in the rotor, namely, that the RP loss be a minimui 
This condition is satisfied by choosing the point in Fig. 10 i 
the center of the square as shown in Fig. Z48 of Chapter XII 
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PROBLEMS. 

Chapter I. The Alternator, 

1. A rheostat of 6 ohms resistance, in a circuit in which a steady 
current of lO amperes is flowing, is short-circuited 25 times per 
second, each time for i/ioo second. What is the equivalent 
constant resistance of the rheostat? Ans. 4.3 ohms. 

Note. — It is irnportaiit that Ihe physical argument of tbis ptoblem be given by the 
stodenL 

2. {a) At what speed must a 40-po!e alternator like Figs. 10 and 
11 be run to give a frequency of 25 cycles per second? (b') At 
what speed would the field magnet shown in Fig. 12 have to be 
driven in a suitable stationary armature to give a frequency of 25 
cycles per second? Ans. («) 75 revolutions per minute, {b) joo 
revolutions per minute. 

3. An alternator is run at a speed of 3,000 revolutions per 
minute, {a) How many poles must its field magnet have to give 
a frequency of 10,000 cycles per second ? (S) If the machine is 
constructed according to the design shown in Fig. 13, how many 
polar projections will be required on each end of the inductor? 
Ans. {a) 400 poles, {b) 200 poles. 

Neti. — See a description of ■ 10,000 cycles per second alternalor by B. G. Lamme, 
Trans. Am. lost. Etec., Vol. 33, pages 417 lo 4.28, 1904. 

4. An electromotive force of lOO volts acts on a circuit con- 
taining resistance only, and the electromotive force is reversed 
every 0.01 second. The resistance of the circuit is 10 ohms. 
Plot the electromotive force curve and plot the current curve ; 
and find the average current during half a cycle and the effective 
current Ans. Average current 10 amperes, effective current lO 
amperes. 

379 
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6. The above repeatedly reversed electromotive force acts < 
a circuit containing inductance only. The inductance of the c 
cuit is 0.1 henry. Plot the electromotive force curve and 1 
current curve, and find («) the average current during I 
cycle and {b) the effective current. Ans, (a) 2.5 amperes, \ 
2,89 amperes. 

/fate. — The value 2.89 is TonDd by dividJDg tbe half-cycle iQto lo eque.1 parts at 



g the middle ordin 



ii pari. 



a is strictly indeterminate, 
lat the cuireot increBses |,or decreases) b 
e that the electromotive Ibrce acts : 



TTie current curve which is rcquir 
that is known from the given data is 
amount of 10 amperes during the ti 
direction. Plot the current curve 01 
negative values of the current are eqi 

6. An electromodve force which is represented by the cun^l 
in Fig. 6p, acts on a circuit which contains a condenser only. 




The capacity of the condenser is lo microfarads. Plot the cur- 
rent curve and find (a) the average current during half a cycle and 
{b) the effective current. Ans. (a) 0.2 amperes, (p) 0.2 amperes. 

ATole. — The current is in this case at each instant equal [o the product of Uk 
capacity in farads times the rate of change of the electromotive force. ' 

7. If the frequency of the electromotive force were doubled in 
problems 5 and 6, how would the effective current be changed in 
each case? Ans. In problem 5 the effecdve current would be 
reduced to one half, and in problem 6 the effective current would 
be doubled. 



8. A two-pole alternator, having one cOTiductor on its armature. 
has pole pieces shaped as shown in Fig. %p. The total flux 
emanating from the N pole is 1,000,000 lines, and the armattirc 
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Jces 25 revolutions per second. Plot the electromotive force 

, neglecting frbges of field at corners of pole pieces, and 

Stemine average value and effective value of the electromotive 

(orce during each half cycle. The long and short air gaps under 

the 180° pole face are as 2 ; i. Ans. Average value is 0.5 volt 

during each half-cycle ; effective value is 0.707 volt in the half- 




cycle corresponding to the 90° pole face, and 0.5303 volt in the 
half-cycle corresponding to the 180° pole face. 

9. Plot the curve of current which would be produced by the 
electromotive force of the alternator of problem S, in a circuit 
containing inductance only, the inductance of the circuit being 
0.1 henry. 

Nblc. — The carrent curve here required is strictly indeterminate, as esplained in 
file note to i>roblei!i 5. Determine the current curve on the basis ol (he assumption 
specified in the note to problem 5. 

10. Plot the curve of current which would be produced by the 
electromotive force of the alternator of problem 8 in a circuit con- 
taining a condenser but having a negligible resistance. If it is 
impossible to plot the curve state what assumptions in problem 8 
and in this problem make the plotting impossible. 

11. The following are instantaneous values, in volts, of the 
electromotive force of an alternator, taken at equal intervals during 
an entire circle : o, 30, 60, 80, 90, 95, 90, 80, 60, 30, o, — 30, 
— 60, — 80, — 90, — 95, — 90, — 80, — 60, — ^o MVii O. TVe. 
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corresponding values in amperes of the current are: —6$, - 

- 25, o, 25, 45, es, 75, 78, 75. 65, 45. 25, o. - 25, - 45, -61 

— 75, — 78, — 75, and — 65. Find the instantaneous values! 
the power, plot the curves of electromotive force, of cunfl 
and of power, and find the average power. Ans. Average pow 
is 213S.6 watts, 

12. Plot the curves of instantaneous power in problems 4, 5, 
and 9, and find the average power in each case, Ans. Avenig 
power is 1,000 watts in problem 4, zero in problems 5, 6 and 

13. Plot the electromotive force curve of the alternator spedii 
in problem 8 on the assumption that it has 100 armature condu 
tors spread out in one band 40° wide. 

Note. When a band of conductors is just beginniug to enter the sptoi nndq 
pole fece the electromotive force is icro (fringes of field ignored), and the elcd 
motive force risea at a constant rate until the whole band u imder the pole fkce. 

Chaptek II. Alternating Current Measurements. 

14. The spring of a Siemens electro dynamo meter is twisb 
through an angle of 220° to balance tlie force action of a cum 
of 18.8 amperes. What current will require a twist of 165' 
Ans. 16.3 amperes. 

15. Given a direct- reading ammeter (or voltmeter) of the d 
current type of which the scale divisions are of equal length s 
that an observer can read, say, to ^^ of an ampere anywhere 
the scale. («) Find the percentage error due to the error of n 
ing when the reading is i ampere ; {b) find ditto when the read- 
ing is 10 amperes. Ans. {a) 10 per cent ; [6) 1 per cent 

16. An elect rodynamometer- am meter (a Siemens instrumoi 
has a scale of equal parts. The position of the pointer can \ 
read to, say, ^ of a division anywhere on the scale, {a) Find h 
many times as great the error in amperes {due to the given error 
in the reading) is when the reading of the pointer is 25 divisions 
than when the reading of the pointer is 250 divisions ; 



rnien^H 

anH 
dhofl 



the percentage errc 
cent,, j'jf per cent. 



in each case. Ans. {a) 3.16; {h) I 
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17. Given a direct-reading ammeter (or voltmeter) of the alter- 

ting-current type of which the actual length of a scale division 
ider the pointer is proportional to the reading of the pointer ; a 
ale division being supposed to correspond to, say, o. i ampere 
■er the entire scale. The position of the pointer can be read to 
certain fraction of a degree of angle, so that the error in amperes 
ue to an error of reading is inversely proportional to the length 

the scale division under the pointer, that is, inversely propor- 
inal to the reading of the pointer, (n) Find how many times 

great the error in amperes (due to an error in reading) is when 
le instrument reads i ampere than when the instrument reads 
3 amperes. (6) Find how many times as great the percentage 
ror is in the first case than in the second case. Ans. (a) lo 
ues as great ; [i) lOO times as great. 

JVolf. —Ammeters and voltmeters which are suitable fordirect-current circuits, only, 
rays give a deltectioD which is approximately proportional to the current dt voltage- 
herefore the scales of direct -leadiog instruments of this type are scales of approxi- 
itely equal parts. 

Ammeteis and voltmeters which are suitable for both slternating and direct- current 
cuits always give a deflection which is nearly proportional lo the square of the cur- 

aat parts, or, say in degrees, let ify be one of the divisions of this scale, and let jr 
the current ot voltage corresponding to the deflection^. Then 
y = ij:' and Jy = Hkxdx 

lere i is a constant. Now, in a direct- reading instrument each scale division 

onds to a certain constant fraction part of an ampere or volt which may be reprc 

lied by dx. Then the length of B scale division of 

pressed in degrees is given by the value aldy, which, according to the above equa- 

n, is proportional to x, where x is the reading in amperes or volts of the direct- 

idiag instrument. 
Problems 15, 16, and 17 touch upon a matter of very great practical importance, 

d two simple eiamples covering the entire ground may be worth while. A sland- 

th a certain degree of precision will indicate 50 amperes (or volts) with the same 
tual error or with twice the percentage error. A standardized alternating-current 
imeCer (or voltmeter) which indicates 100 amperes {or volts) with a certain degree 
prerision will indicate 50 amperes (or volts) with twice as large an actual error or 
with four times as large a percentage error. 

18. An ammeter indicates 6.2 amperes of alternating current 
flowing through an arc lamp, a voltmeter indicates 82 volts acre 
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tbe arc. and a wattmeter indicates 440 watts delivered to the arc. 
WTial is the power Tactor of the arc ? Ans. 0.865. 

19. A coil of wire which is connected across iio-volt aller- 
nating current mains, takes lO amperes of current The resist- 
ance of the coil is 2 ohms. What is the power factor of the coil ? 
Ans. 0.182. 

SO. A wattmeter is connected as shown in Fig. 20/. The re- 
sistance of the coil 5 is s ohms. The wattmeter indicates 55 
watts when used to measure the power delivered to a single lamp 
which takes one ampere of current What is the true power de- 
livered to the lamp ? Ans. 50 watts. 




^^^ 




21. A wattmeter is connected as shown in Fig. 2r/. The re- 
sistance of the circuit AJ? is 1,200 ohms. The wattmeter indi- 
cates 60 watts when used to measure the power delivered to 
I lo-volt glow lamp. What is the true power delivered to 
lampP Ans. 49.92 watts. 



Chapter III. Harmonic Electromotive Force and Curres 

22, Two alternators A and B are connected in series. 
electromotive force of ^ is I.IOO volts, and the electromot 
force of B is 1,200 volts. The electromotive force of A is 90" 
ahead of the electromotive force of B in phase, (a) What is 
their combined electromotive force ? The two alternators give a 
current of 125 amperes which lags 30° behind thdr resultant 
cJectromotive force in phase. if>\ What is the power output 
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;ch alternator? Ans. (a) 1,628 volts ; (<5) output of A 29,780 
atts, output of B 146,470 watts. 

23. The electromotive force of alternator A. problem 22, is 
35° ahead of the electromotive force of alternator B in phase. 

current of 1 20 amperes flows through both alternators, lagging 
)" behind their resultant electromotive force. What is the out- 
It of each alternator ? Ans. Output of A 30,800 watts nega- 
re, ou^ut of B 122,770 watts positive. 

JVo/i. - — NegatLEC output means intake as ■ malor. 

24. Two coils A and B are connected in series across iio- 
ilt alternating- current mains. The voltage across A is 76 

olts and the voltage across B is 80 volts. What is the phase 
Terence between the voltages across A and B, assuming all 
the voltages to be harmonic ? Ans. 89° 39'. 

Ao/(. — It is impossible to delermine ftom the datB of this problem which of the 
nltages, A or S, is ahead of the otber in phase. 

25. A non-inductive rheostat of which the resistance is 60 
hms is connected in series with an alternating- current fan motor 
I iio-volt alternating supply mains. The voltage acro.ss the 
D-ohm rheostat is 62J volts, and the voltage across the fan 
lotor is 64 volts. Find (a) the current flowing through the 
rcuit, (1^) the phase difference between the current and thevolt- 
ge across the fan motor, and (c) the power delivered to the fan 
lOtor. Ans. (a) 1.04 amperes, {d) 59° 10', {c) 34.17 watts, 

I^oit. — It is impossible from the data of this problem to tell whether the voltage 
loss the 6o-oiiui rheostat is ahead of or behind the voltage across the fan-motor ill 
Msc As a matter of fact, the voltage actoss the 6o-ohm rheostat is in phase with 
e current, and tbe voltage across the faa-molor is ahead of the current in phaxe. 

26. An alternator delivers 200 amperes of current to glow 
ips, and 75 amperes to start an induction motor. The power 

ictor of the motor while starting is 0.3. "Find the total current. 
l,ns. 233.7 amperes. 

27. A harmonic alternating current of which the effective value 
15 amperes has a frequency of 133 cycles per second, (i?) 

find the rate at which the current changes at the instant it 
through zero value, and (6) find w\v3.\. \Aue. "Cot c»v 
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scydc Am- '«» 17.725 ji^t*««peraKiwi,iM 35-5 

feneof wfcidb the iftiliii wl»i» iio-nitts acts npot 
oTvbicfttheiHlwtwaeBaaz huay mkI rf wfaidi the 
itacgSg^iie Rad the ^fecme valoe of the ciDTeat 
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30. {a) Fiad the [Knver coapooa*: and the wattless cooqMHC 
of the current in tbc Em motor apedfied n problem 2;, tlK 
compooents beo^ taken witli nSacatx to tiie voitage acn»s I 
terminals of the motor, (i) Find the pov-er component a 
the wattless cootpoDcnt of the voltage across the cemmials of 1 
£ui motor in pfoUcnt 25. Ans. (,a) Power compooeitt aj 
amperes, wattless component 0.893 amperes ; {b) power co 
ponent 32.8 votts, wattless component 34.95 volts. 

Chapter rv, Fooauextai. Problems. 

SI, A harmonic aUemating current, maximum vaJae l 
amperes, frequency 60 cycles per second, flows through a dro 
conMNting of a non-inductive resistance of 2 ohms, a 
IcM inductance of 0.003 henry, and a condenser of which tt 
capacity is 0.00006 fai^d, all connected in series. Draw a cl< 
diagram representitif; the phases of the electromotive forces aci 
the re«i«tance, across the inductance and across the com 
respectively, and calculate the effective value of each. 
t4l.4 volte across Ihe resistance, 79.97 volts across the 
talJCe, and 3. 1 26 vo\tB across l\\e conicxvset. 
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32. A circuit has an inductance of o.2 henry and a resistance 
of 6 ohms. Calculate the effective value of the current produced 
by an electromotive force of which the effective value is lOO volts 
and of which the frequency is 60 cycles per second. Calculate 
the phase difference between electromotive force and current. 
Ans. Current 1.32 amperes, phase difference 85° 27', 

33. (a) Calculate the reactance value of 0.12 henry at 60 cycles 
per second. (^) Calculate the reactance value of a 20 micro- 
farad condenser at 60 cycles per second, (c) Calculate the 
reactance of both in series, (d) At what frequency is the react- 
ance value of both in series equal to zero? Ans. (a) 45.2 ohms, 
(^) — 132.6 ohms, {c) —87.39 ohms, {</) 102.7 cycles per second. 

34. A harmonic electromotive force of 1,100 volts (effective) 
produces a harmonic current of 100 ampere.s (effective) in a given 
circuit, the current being 20° behind the electromotive force in 
phase. Calculate the resistance, reactance, and impedance of the 
circuit. Ans, Resistance 10.34 ohms, reactance 3.76 ohms, 
impedance 1 1 ohms. 

35. A harmonic electromotive force of no volts produces a 
current of 15 amperes in a receiving circuit of which the power 
factor is equal to 0.7, Find the values of resistance, reactance, 
and impedance. Ans. Resistance 5,13 ohms, reactance ± 5.24 
ohms, impedance 7,33 ohms, 

JVolf. — From the data of this problem il is impossible to determine whether the 
current is ahead of or behind Ihe electromotive force in phase. It is desirable always 
in specifying the vulue of a poner factor of a receiviog circuit to state whether the cur< 
rent leads or lags; thii'i one n-outd speak of a 70 per cent leading power factor or a 
70 per cent, lagging power fflctor, as the cose may be. 

36. Alternating-current mains deliver 100 amperes of current 
to a non-inductive circuit, to glow lamps for example. An in- 
ductive circuit of negligible resistance is then connected to the 
mains and it takes 10 amperes. What is the total current deliv- 
ered by the mains? Ans. 100.5 amperes. 

37. From the data of problem 34, find the conductance, sus- 
ceptance and admittance of the circuit. Ans. (a) 0.0854 recipro- 



iHM i'.i.i;mi'.nt« of ELECTMCAI- I 
Kil ithiim, {*) 0,0311 reciprocal <j»mMt (r) 

M'tr. - rt..V»lllM 
Uliio lit ■ Willi wUlt'ti li Hip rMl|irocal of ■( 
111 III* iMltUiiv* lit > vlroull) l> M 

SI. All liuUirtancc of 0,08 henry and a coodenwr of 35 ibcii>- 
fttrmlwirtliHrlty «rc connected in »crie«,the: resisancc of rfiedranl 
liolntl 7 *'1'"1*- (■') Whut it tlic criticat rrequenc>- of the drcuit, 
lltitl !• Iti wy, Ml wlint frcijucncy (iocs resonance occur? (f) WTiat 
|it \\w nfliirllvr Vnluc of llir clrctromotivc force across the con- 
»li>niici h'millialu wlicn an electromotive force of no volts at the 
tUMiiil riviiiiviicy nct« u|nin the drcuit? Ans. (a) 112.5 cycles 
|Ht| ■wiiiul, [fi) 8(iif,y volm, 

W. All imlliiilliictfof o. 13 henry and a condenser of which the 
t'^W\'lty Ih 95 llltcrofurudii are connected in parallel. The resist- 
AWV nf thu Inductive circuit is 6 ohms and the resistance of the 
(■4«n|pil«>r ilivuil U 1 olim. What is the critical frequency al 
whlfh mi*»n«nviJ occurs? Ans. 91.9 cycles per second. 

40, All iiidiHtiincc ivf 0.1 henry and a resistance /i are con- 
inntvd in «Piiv* 111 I lo-volt 60-cycIe mains. Calculate the cur 
ivut vaIiim wlicn A" c^iiials zero, when K equals one ohaii 
\\\\v\\ ti i-nuiiU J olmia, when A' equals 10 ohms, when JC 
«lMttl» iv> I'hmt, when /f equals 50 ohms, and when R equals 
lOO nlmit, iiiul (Jot « curve of which the abscissas represent R 
«ltd \\w i>niin«tf» represent corresixmding values of the cuircnt 
An*. *.vl8 flHliterva, ^,917 amperes, 2.893 amperes, 2.8JI 
tttHl»crr«, a.S^S Hmjicreii, 1757 amperes, and 1.029 amperes. 

W, A mm-iniKictive resistance of 20 ohms, a resistance-ks 
IndiltUiwv of ao6 henry, and a condenser of 105 microfan^ 
cwpivcily are e\»nnectci.l in series to 1 1 o-volt 60-cycle mains, fii 
the elev"tna«oli\'c Rirce, («) bctw-ccn the terminals of the 
ance, (^) between the tenninols of the inductance, and {<r) be- 
tHeen the terminals of the condenser, Ans. {a) 109.0 volts, (A 
i;,i.3 volu. [<■) 137.8 volts. 
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e reactance is 3 ohms delivers lOO amperes to a non-inductive 
ceiving circuit, the electromotive force across the terminals of 
e receiving circuit being 10,000 volts, {a) What is the value 
' the generator voltage, and (6) what is the phase difference 
itween generator voltage and the voltage across the receiving 
rcuit? Ans. (a) 10,404.3 volts, (^) i° 39'. 

43. A sensibly non-inductive transmission line having a resist- 
ice of 4 ohms delivers 100 amperes of current to a receiving 
rcuit. The phase difference between voltage and current in 
C receiving circuit being sensibly 90°, the voltage across the 
rminals of the receiving circuit is jo,ooo volts. What is the 
lue of the generator voltage? Ans. 10,008 volts. 

44. ir the transmission line specified in problem 42 were to 
liver 100 amperes of current at 10,000 volts to a condenser, 

would be the value of the generator voltage ? Ans. 9,703. i 
.Its. 

AS. The transmission line specified in problem 42 delivers loo 
iperes of current at 10,000 volts to a receiving circuit of which 
e power factor is 0.7. What is the value of the generator 
iltage? Ans. 10,494.6 volts. 

46. Two condensers, each of negligible resistance, have capac- 
[es of 0.5 and 0.05 microfarad respectively. The two con- 
ensers are connected in scries to I, loo-volt alternating-current 

mains. What is the electromotive force between the terminals 
of each condenser? Ans. 100 volts, and 1,000 volts respectively. 
^ote. — The student should give the physical argomeDt of this problem. 

47. An electrostatic voltmeter has a capacity of 0.0006 micro- 
farad when its deflection is a, and 0.OO08 microfarad when its 
deflection is d. The electromotive force between the terminals 
of the instrument is 75 volts when its deflection is a, and 125 
volts when its deflection is i. An auxiliary condenser of O.007 
microfarad capacity is connected in series with the instrument. 
Find the electromotive forces necessary to produce deflections 
a and i>. Ans. 81.4 volts, and 139.3 volts, respectively, 

48. A direct -reading electrostatic voltmeter having * 



Muclivc rt^iiUna to 6o-cyde i 

error * of the readings of the i 

Indlrjttea tm hii{h or too low. Ash. CXO064. per ceiK. ta» 1b«.I 

40. Tlir a^iovc clcctrovtatic voltOKter m ammtaed 
with nn indiJcUncc of 2 bciuys, r fwt a Tr "^e^^J*- 
percentJijftf error of the vottoKter rcatfiogs whea a f 
do cyclcN ii used, and utate wbefher it tot 
low, Ahh, 0,0017 pt^' (^cnt too high. 

to. An cIcctrcKlyiiamofnetcr havii^ an mductanoc of 1 
hpiiiy uiid a leMWtancc of 1,500 ohms gives the s 
fur n ccrtiiin 60'Cyc]e electromotive force as h does far iz/.f 
vhIu itlrcct electromotive force. What is the efibctivc value of 
Old fMJ-cycIc electromotive force? Ans, 127.5016 vohs. 

ftl. An clcctrodynamomctcr has a resistance of 500 ohms. 
Wlicii iiNcd UN an alternating voltmeter at a frequencj- of 60 
iyi:l('» |irr Mccond its percentage error is ^jj per cent What is 
ItN liiiliii:tHm:c ? Ann. 0,0593 henry. 

All. An ulterimtor dcliverm current to two receiving circuits in 
|iiti'ullrl, t)nc rci'dvlng circuit takes 20 amperes and its power 
I'ttdtor U ii.tj, aiul tiie other receiving circuit takes 25 amperes 
mill llM power factor la 0.7. What is the power factor of the 
ti>nil)lnutiiiii ? AnH. o,8ot. 

09i All altrrtmtiir delivers 1 00 amperes at i , 100 volts and 60 
cy cle* per Bccuiul to u receiving circuit of which the power factor 

^85, Wliat cuiiacity condenser would be required to cooi- 
Mtc for IrtK^hig current ? What number of leaves of paraf- 
RM |»iK"r 22 by 37 centimeters would be required for this coa- 
doiiNrr, thickncNS of parafHiied paper being 0.08 centimeter,! 
allowing I centimeter margin beyond the tinfoil? Take induce 1 
tlvity of iwriifTined jvipcr equal to 3. Ans. 127.0 microfarads,! 
114,800 leaven. 



* In IhJi itiiil mhiKiueiil probknu ihe perceulage error of u 
ixl lu iii»n till illlTcrriice between tlie inslrumenl teading u>d the tnie value oT A 
ijuaiilliy iiieniurml. ilivided l>y the true value of the qii«niity. 
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Nott. — See Arts. 10, II, and II of Appendix A for ■ discussion of the 
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Chapter V. The Use of Complex Quantity. 

54. Aq nltcraating current of 100 amperes flows in a circuit Choosing the <;ur- 
ent vector as a reference a*is, the two components of E are 700 volt! and aoo volts 

irespectivelj- ; that is, £ = 700 volts -\-j X ^oo volts. Find the resistance and the 
of the circuit. Ans. 7 ohms resistance and 3 ohms reactance. 

55. An alternating electromotive force of 1,000 volls acts on a circuit. Choosing 
ctromotive force as the reference aiis, the compoQeota of / are 75 amperes 
amperes ; that is, /= 75 amperes +/'X *° amperes. Hnd the resistance, 

reactance, impedance, conductance, susceplance, and ad 
12.4s ohms resistance, — 3.32 ohms reactance, I1.B8 ( 
rocal ohms conductance, a.oz reciprocal ohins suscepli 



of the 1 
impedance, 0.075 tetip- 
0,0776 reciprocal ohms 



. The components of the current specified in problem 54 with reference ti 

litrary aiiis are 80 amperes and 60 amperes respcclivcly ; 
+yX 60 amperes. The resistance of the circuit is 7 ohms 
circuit is z ohms. Find the components of E with reference lo the ume arbitrary 
ftiis. Ads. x-component 440 volts, y component 580 volts. 

57. Given £= 100 volts +/' X ^ ''"'■s ■"'J /^ 3 amperes — j'y(_^»xa^ti. 
Find (a) effective values of E and /, (i) power delivered to the eircin't, (t) re- 
sistance of the circuit, (</) reactance of the circuit, (f) impedance of the circuit, ( /) 
conduclaoce of the circuit, l^g) ^usceptance of the circuit, and (A) admillance of the 
drcuit Ans, (a) I16.6 volts and 3.61 amperes, {*) 1 80 watts, (rl I3.85 ohms, 
(rf) 39.33 ohms, (f) 32.35 ohms, (/) 0.01334 reciprocal ohms, (;) 0.03794 recipro. 
ol ohms, and ( J) 0.03091 reciprocal ohms, 

Nott. — W is instructive in calculating power to use the formula on Art. 45, page 
9S, and also to use the formula P = R/K 



electro 



e force of which the < 






e 50 volls and 75 volts n 



spectively ; thai is, £ = 50 volts -|-y X 75 volts, produces a cnrrent through a 

COit of which the resistance is lo ohms and the reactance is — 6 ohms. Find the 

■ components of the current and find the power delivered to the circuit. Ans. :c-com- 

f current 0.368 amperes, ji-componenl of currenl 7.73 amperes, power 597.5 



)9. Separate the components of the complex expre 
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AW. — Mm imk* 97. 

91, Muiw Dial A([<aa0 ( /tin") li 0" kh<»d of f m | 
ln»lli4l v«1ii* li N|ii«1 111 ibg numrrlnl vain* of ^. 

(I. )'l'>>l ''1* >ipr<ulun fuf tin ^t in Icnni of ifai x aad en 
lht><i«i». 

U- I'linl Iha ovprtulon Tor xln[.ifj' + >) in tern* of ci 
r, mil •. 

Ms ^ timitloriiioi (wllliout Irun) coniittU or (wo long cylindrkal a 
\n liiriu <>l wIh ifr cviilliuilrr of length (one \iycr). The coSi aic a> 
nl*l*i* Imii ami Ihdi lailll are 1 crnllmeten and 3 
MWlU) cuti Iwlo)! Inild* ill* largrr. Calculaie the value uiil pi 
llv* Iwv* it\|ulr«<l t< 
M)t«< m4I I i^lviiUt* 
itwt«lir«t vntX ippaiviit ivuli 



mpera al 60 CTcIes per M 
ou>T«itt In lh« inner coil, and calculate tbe tine ai 



nee at the outer coll. The outer coll hai 2 ofa 
1 I ii ohms mlilance and iu terroiaals are eIm 
rwlttnl. Amu It.Cl mln, 17"4S' plmic differance, 1,944 amperci, 0.669J 
tiH* lwwMut«i >>-t<iS4 uhuii niiparent [eactince, a. 0568 ohms resistance. 

AVM'-^*^ Api'audia A lot rormuU, for calculating the inductance of a long coil 

'Ph* IHUIual luiUclancti l» henrjri, of tiro coaxial solenoids ii, appioximalelj, 

jl/ = 4»»r"'.V/-t-lo' 

III Whlvti t* «ImI •" M« iha lurui oT wira per unit length on the respective coils, r'^ 

!• ikt Itkdiwi uT 1h« liwkl* cull, and / ii the lengtli of the coils, 

, Tti* m|u«mIcui (lU) ium« 97 max ^^ ifrillcD 

I /f h tti* «|>|W(*iil chaiig* of mintance of the primary coil due to the pres* 
It «*«<>ihUi): nill. and .V It the apparent change of reactance of the primar; 
ilu* tv iti* )H«Miti'« >i|' Iha (Mvodat; coil. The primary coil has in circuit with it w 
■dJwalaW* iHm iiiduulTV ivafaiiuii;* lo thai r, way be varied at will. Assume 
auil .V «i« tHiall iiuiiivrvd with ', and x, ao that K* and .V* arc ne{ 
Sim* th»l 111* lwp»daiH'« (nututriod value) of the piimary circuit is not altered by 
iht |K«*W« ttf Itw H^mtUrji when r^|Jr^=X|X. How is the impedance ( 
111*1 Wl valu* i of Ih* twluw* ciittt^t aiffMlnl by the presence of the secondary « 
•1 lalMlhiH i,.V/A^i whw>r, licnalerthan ^lA'/A-? 

CiurrKR VI. Thk Polyphase System, 

M. The iliitAno: ft\mi center to center of adjacent poles of 
Altrmtth>r mt^suirti on the siirfiice of the annature is 10.4 inches. 
How fi»r aiwrt must two wnuature conductors be placed so 
there may be » phase diflerence of 55" in the electromotive roracs 
induced in the respectiv-e conductors? Ans, 3,18 inches. 

8T, A common return van is used for the two currents ot 
two-pliasc system. The system is balanced and each current 
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fequal to too amperes. What is the current in the common re- 
nim wire? Ans. 141.4 amperes. 
68. The electromotive force of each phase, problem 67, is 500 
What is the electromotive force between the outside 
? Ans. yay volts. 

. A three-phase alternator is provided with 4 collecting rings 
i 4 mains as shown in Fig. 94. Three similar receiving cir- 
cuits are connected as follows : One from main i to main 4, one 
from main 2 to main 4, and one from main 3 to main 4. Each 
receiving circuit takes 150 amperes. When the armature wind- 
ings are properly connected to the collector rings the current in 
main 4 is zero. What is the current in main 4 when one arma- 
ture winding has its connections reversed? Draw a diagram 
showing the phase relations between the currents in mains i, 2, 
3, and 4 when the armature winding A, Fig. 94, is reversed. 
In constructing this diagram consider directions outwards from 
machine as the positive direction in each main. Ans. 300 
amperes. 

70. Three similar receiving circuits are A-connected to 3-phase 
mains, the electromotive force between each pair of mains being 
1 10 volts. The power delivered to the three circuits is 1 50 
kilowatts and the power factor of each circuit is o.go. What is 
the current in each circuit and in each main ? Ans. 505 amperes, 
875 amperes. 

71. Three similar receiving circuits are Y-connected to the 3- 
phase mains, problem 7 1 ; the total power delivered is 1 50 kilo- 
watts and the power factor of each circuit is .90. What is the 
current in each circuit and in each main, and what is the electro- 
motive force between the terminals of each circuit? Ans. 875 
amperes, S75 amperes, 63.5 volts. 

72. A given 3-phase alternator is provided with six collector 
rings so that it may be connected, A or Y, for experimental pur- 
poses. The electromotive force developed by each winding is 

■ 100 volts. Find (a) the current in each receiving circuit, (b) the 
B current in each main, (c) the voltage between mains and {d) the 




current in each armature winding, when the alternator is A-con- 
nected to the mains, and the mains are Y-connected to three sim- 
ilar receiving circuits, each one of which has a resistance of 4 
ohms and a reactance of 3 ohms, Ans. [a) 1 1.55 amperes, (b) 
same as {a), (c) lOO volts, (rf) 6.67 amperes. 

73. Find (a) the current in each receiving circuit, {b) the cur- 
rent in each main, (r) the voltage between mains, and (d) the 
current in each armature winding, when the generator specified 
in problem 72 is Y-connected to the mains and the mains are 
A-connected to the given receiving circuits. Ans. [a) 34.64 
amperes, (i) 60 amperes, (c) 173.21 volts, (d) 60 amperes. 

74. The electromotive force developed in each winding of a 2- 
phase alternator is lOO volts. What is the electromotive force 
given by the two windings connected in series? Ans. 141 volts. 

7fi. The electromotive force developed in each winding of a 
3-phase alternator is lOO volts. What is the electromotive force 
developed by the three windings in series ? Ans. 200 volts, or 



13. Two watt-meten are orrsoged as shown in Fig. loj to measure the pome ■ 
ielivered to three similar receiving circuits each having a power factor eqaal to o.yj. 
The total power delivered to the three: circuits is iO kilovatls. Find the reading of 
snch wait-meter. Draw a vector diagrara similar to Fig. 106 representing the relation- 
ship between voltages and current. 

Nole. — This problem is based oo the assumption that the electromotiTe forces at 



Chapter VII. Voltage and Voltage Regulation of 
Alternators. 

77. The alternator represented in Fig. 107, Chapter VII, 1 
4-poIe single-phase machine having 8 conductors in the 8 
as specified on page 1 20. The speed of the machine is 30 r 
lutions per second and the flux emanating from each pole 
1,000,000 lines. Calculate the effective value of the electP 
motive force generated by the machine. Ans. 11.03 volts. 

78, Assuming the field flux of an alternator to be harmonia 
distributed, as explained on page 121, calculate the phase < 
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it of an armature winding in which the conductors lie on the 
Hrface of a smooth armature core as bands, the width of each 
itid being | of the distance from center to center of adjacent 
:ld poles. 

Note. — The data of this probtem are pnrposelj chosea so that the auEwet to the 
jblem may not be givea ia the table on page 114. Assume each band (o baie an 
lefinitely lai^F number of conductors. 

79. Using the data in Figs. 117 any 1 1 8, referring to a given 
1,000 kilowatt delta- connected 3-phase alternator, calculate the 

.If-load regulation of the machine for the case in which the re- 
ceiving circuits have a power factor equal to c.6; {a) by the 
dectromotive force method, and ib) by the magnetomotive force 
giethod. 

Note. — The spedficatioiis in this problem are pnrposelj chosen so that the answer 
in the problem may not be included in the eiamples giien on pages 134-137. 

80. A ten-pole alternator having 720 armature coodoclors supplies 30 smperes to a 
receiving drcuil of which the power factor isO.S66. Calculate the average demag- 
Dctizing ampere-turns due to the armature current. Arts. 763 ampEre-toms. 

^ Chapter VIII. The Synchronods Motor. 

" 81, Plot curves showing the values of /", P" and RP for two 
ITichronous alternators in series, the alternator A having an 
lectromotive force of i,2oo volts, the other machine B an elec- 
rromotive force of 8oo volts, the resistance of the circuit being i 
ohm and the reactance 2 ohms. Result similar to Fig. 127. 
- 82. An alternator A has an electromotive force of 1,100 volts, 
a resistance of i ohm, and a reactance of 0.58 ohm. The machine 
is driven as a synchronous motor with zero load, from 1,000-volt 
mains, {a) What is the value of the current ? (b) What is the 
■ component of this current which is 90° ahead of the supply 
■electromotive force in phase ? (c) What capacity of condensers 
Kwould take the same amount of leading current from the I.OOO- 
folt mains at a frequency of 60 cycles per second ? Ans, (a) 
I21 1.4 amperes, (^) 206.6 amperes, (c) 548 microfarads. 

[. Two govertied engines drive two alternators which ere conneeted in multiple 

:ed one pair of mains. Engine A drops Crom 150 revolulioos per minute at telo 

d to 145 revolutions per minute at loo buiu power. EnBinc B diups (nun Ijo 
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revolutluni p« minul* lit tcro load to 147 ntalatioat pa minAe tf ImB load «< i; 
hoTu power. Thn alalion mlput u tuch u to require ■ UKbI of 12; hooe povetla 
tia ilvllvcrtil by Ibi englnci. Wlul power it dcliracd Ij^ eadi eapac, aai nW a 
Iheir common .pceil ? An.. (0) 55.6 I(. P., {*) 69.4 H. P., W M7.»»- P-"- 

84. An «ll«rnilor A, of whidi Ihe cleciromotiK farce ii i.ooo ■«la^ tiAs g 
kllowKtl* fram oltemitor M. To what nliie mnA the electnMBoCnc lame ^ ^ be 
ail]llil«d, Ki that llie efllicltncy of tnumroiuion may be marimcm, and wfcM m tkew- 
leaponilliiK value of the current, realstuice of circuit being I (dun and itiifntr titk- 
cult Ijetnu D.JB ohm? An*. 1,076 volti, 75 amperes. 

8S> 'l'l>> elcclromottvt Torce of alletnatui A in problem 84 is 1,076 •ols. Ti 
whil v*lue muil the electromotive foice of alternator S be idjiuted to pre ■aiiiiiin 
alTivlency ur tranimluilon, tod whit ii the corresponding lalne of Ibe currciit, intaki 
of S being 7J kitowntti? Am. 1,001 volli, 74.9 ampcies. 

M, The elect roinoliva force or allernaior .4 is 1,100 volts, and ihat of alferalai 
H Ii 1,000 vdIIi, reil*lance of circul is 1 ohm and readance of circuit 0.58 obm. 
Wlint 1> the angular lag of Jf behind /f, for which power 15 most eflicieiitly Inns- 
niltteil Irum A to S, what is the intake a! B under these coaditioos, what is 
uutput of A, and what li the efficiency? Ans. 181. S", P" ■=^ — 91 kilowsU^ 
/' :-- 101.8 klliiwalli, eOidoilcx 91,3 per cenL 

87. What ii the angular lag ^ of fl behind A, in problem 81 for which poxrer 
la moat efficiently triiiimlUed froin H \a A \ what is the intHke of A ondtT these 
voiulllluni, what l> the output of B, nntl whnl is Ihe eRicrency? Ans. 159.47 
l" ^ — 36.4 kllowalls, /*'' — 14S kilowatts, efficiency 3J.I per cent. 

68, The electromotive force of A is 900 volts, that of 5 is Soa 
volts, resistance of circuit is 1 ohm, and reactance of drcuit is [ ■ 
ohm. Wlul isi the maximum intake of machine 5 as a synchro- 
nous motor? An-s, 189.1 kilowatts. 

89. What li the grealeit velue of S {A, uL, and Jf being us in problem 84)- 
which will penult machine Ji to act at a synchronous motor. Ans. 1,243.9 volts. 

W. V/hal value inuit P have in order that the maximum intalie of machine B 
(problem B9I may be the greatest possible, and what is this intake? Ans. 6al.) 
vdl*, 189.4 kilowall). 

81. Given .* =- 800 volts, R = 1 ohm, ul = I ohm, F" = 30 kilowatts ; plot « 
curve showing diflerent values of / corresponding to different values of B, Resell 
similar to Fig. I43, 

92. Au alternator of which the eleclromotive force is 150 volts is to be r 
motor from lio-voll lliaini. The resiklance of the alternator ntmature is 1 
What It Ihe uiiulmum amount of inductance retjuiced in the circuit, the frequency be 
Ing 60 cycle! per second? Ans. 0.00346 henty, 

93. Suppose a condenser were to be connected in series with two allematon 
and £ 10 that Ihe total leaclauceoflheciiuit will be — 0.58 ohm; the resrstaneeof lb 
ci[«all being 1 ohm, the electromotive force of machine A i, 100 volts, and the elefr 
liomotive force of machine £ 1,01x1. I'lot curves showing the lalues of /*" 1 
/", and A7" for various values of f. 




problems. 
Chapter TX. The Synchronous Converter. 

94. The plain inulddrcuit ring-wound armature of a six-pole 
lirect-current dynamo has 360 conductors on its face. These 
onductors are numbered from i to 360. 

(a) One collecting ring of a rotary converter is connected to 
inductor No. i. To what other conductors must this ring be 
bnnected? Ans. A to 121 and 241. 

(p) To what conductors must a second ring (5) be con- 
lected to give a two-ring converter? Ans. B to 61, i8i and 

{OI. 

(c) To what conductors must two additional rings B and C 
econnected to give a three-ring converter? Ans. B 1041,161 
ind 281, Cto Si, 201 and 321, 

((^) To what conductors must three additional rings B, C and 
J) be connected to give a four-ringed ? Ans, B to 3 1 , 151 and 
371, C to 61, 181 and 301, D to 91, 211 and 331. 

(e) To what conductors must four additional rings B, C, D 
Eind E be connected to give a five-ring converter ? Ans. B to 
as, 145 and 26s, C to 49, 169 and 289, D to 73, 193 and 
313, E to 97, 217 and 337. 

, A four-pole, two-circuit, single drum winding has 102 
conductors numbered consecutively from i to 102. The con- 
ductors are connected as follows : i— 26-51-76-101 , , , 28-53-78 
and back to i. To what conductors must the three rings A, B 
tind C, of a three-ring converter be connected ? Ans. A to 
«o. I, B to No. 35, and C to No. 69. 

96. Make a diagram of the following winding and show three 
collecting rings connected to conductors i, 19 and 37. The 
winding is a four-pole, two-circuit, single drum winding with 54 
conductors connected up as follows: 1-14-27-40-53 . . . 3-16- 
29-43 and back to r. 

97. A 50-kilowatt direct-current dynamo is to be used as an 
K-ring converter. What is its capacity rating when « = 2, when 
11=3, when « = 4, and when k = 6? Ans. 42.5, 66, 81, and 
96 kilowatts, 
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98. A two-ring converter with negligible armature resistance 
and reactance takes current over a 0.2-ohni line through a reac- 
tion coil having 0,3 ohm reactance. The effective alternating 
electromotive force at the generator terminals is kept constant at 
120 volts. The excitation of the converter can be varied at will. 
Find greatest value of alternating electromotive force of converter 
for which it can run as a synclironous motor, and find the corre- 
sponding value of the direct electromotive force of the converter. 
Ans. 216.25 volts and 306 volts, respectively. 

99, Plat the curve of wbich the oidinates represent the iDStanteneaus values of Che 
current in an armature cauiluctar of a four-pole, three-ring converter witb mulLiciicuit 
winding, the value of the direct curienl output of the machine being 350 amperes : 
(a) When the conductor is adjacent to the connection of a ring, and (i) when the 
conductor is midway between the connections of two tings, 

Noll. — It is to be remembered that the djiicussion given in Arts. 91 to 95 of 
Chapter IX refers eiplicitly to the two-pole machine with two current-paths between 
its direct-current brushes. The necessary modificationa of the formula given in Arts. 
91 to 95 are explained in the footnoote on page 1S6. 

100. If a too-kilDwalt direct current generator were to be provided with five col- 
lector tings forming a Rve-ring converter, what would its power rating be as bused on 
average armature heating? 

Nolt. — The specifications in this problem are purposely chosen so thai the ansiKt 
to the problem will not be given in the table on page 188. 
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Chapter X. The Transformer. 
101. An electromotive force of no volts, from a battery 
example, is applied during ^^^ second intervals in reversed dii 
tions to a coil of 100 turns of wire wound on an iron core. Plot 
the curve representing the above electromotive force and, neglect- 
ing the resistance of the coil, plot the curve representing the ci 
flux produced. The iron core is supposed to have a 
magnetic reluctance of 0.00014. Plot the curve representing 
magnetizing current. 

A secondary coil of 50 turns is wound on the above 
'his secondary coil supplies current to a non-inductive recdvii 
jpcuit having 200 ohms resistance. Plot curves representing {a) 
ifcondary electromotive force. (^) secondary current, and {c) 
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total primary current. Resistance of secondary coil is to be 
neglected. 

102. A transformer has 1,300 turns of wire in its primary coil 
and 130 turns in its secondary coil. The primary coil takes 
current from i , 1 00-volt mains and the secondary coil delivers 300 
amperes to a receiving circuit of which the power factor is 0.85. 
What is the equivalent primary resistance and reactance of the sec- 
ondary receiving circuit ? Ans. r = 46.75 ohms, x = 28.98 ohms. 

103. A 10:1 transformer has its primary coil connected to 
1,100-volt mains through a non-inductive resistance of 200 ohms 
and its secondary arranged to deUver current to a non-inductive 
resistance of 3 ohms. Find : (a) the resistance of a simple circuit 
which is equivalent to the whole arrangement here specified ; {(5) 
the current delivered to the primary circuit of the transformer ; 

(c) the secondary current ; (i^) the secondary terminal voltage ; 
(f) primary terminal voltage. Ans. (a) 500 ohms, (fi) 2.2 
amperes, (ir) 22 amperes, {d) 66 volts, (^) 660 volts. 

104. The transformer specified in problem 103 is connected as 
specified, with the exception that the secondary receiving circuit 
has a reactance of 3 ohms and a negligible resistance. Find {a) 
the resistance and reactance of the simple circuit which is equiva- 
lent to the whole arrangement ; (3) the primary current ; {c) the 
secondary current ; (ri) the secondary terminal voltage ; and (e) 
the primary terminal voltage. Draw a clock diagram showing 
the phase relations of the various electromotive forces and cur- 
rents. Ans. (a) 200 ohms resistance and 300 ohms reactance, 

(d) 3.05 amperes, (c) 30.5 amperes, (d) 91.5 volts, (f) 915 volts. 

105. A transformer has its primary in two sections which can 
be thrown in series or in parallel at will. This primary takes 
current through a rheostat of resistance R', and the secondary 
supplies current to a non-inductive receiving circuit of resistance 
Ji". Find the relation between R', R", N' (total), and N" 
for which the secondary current is the same whether the primary 
coils are in series or in parallel. Ans. R' = ^{N' jN"fR". 

106. A bundle of iron wires of which the total sectional area is 
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12.6 square centimeters is to be magnetized by alternating cur- 
rent taken from 133-cycIe 1 ro-voit mains so that the maximum 
flux density in the core may be 4,500 lines per square centimeter. 
(«) How many turns of wire are required? [b) How many turns 
of wire would be required at 60 cycles per second, other things 
remaining the same? Ans. (a) 328 turns, (i) 728 turns. 

107. A transformer has 60 turns of wire in its primary coil, 
and it takes 750 amperes from an alternator at 110 volts and 
steps up to 20,000 volts. (3) How many turns of wire are there 
in the secondary coil ? A usual allowance in transformers is 500 
circular mils of sectional area of wire for each ampere of current 
(b) Find size of primary wire and of secondary wire of the above 
transformer. Ans. {a) 10,909 turns, [i>) 375,000 circular mils, 
2,062 circular mils. 

108. The sectional area of the core of the transformer in prob- 
lem 107 is 161 square centimeters. Find the maximum core 
flux and maximum flux density at a frequency of 60 cycles per 
second. Ans. 4> = 687,700, 08 = 4,272. 

109. A transformer has 800 turns of wire on the primary coil, 
40 mils in diameter, and So turns on the secondary coil, second- 
ary wire being ten times as large in sectional area. The sectionaJ] 
area of the magnetic circuit of the iron core is 12 square inches, ' 
Allowing 500 circular mils of conductor per ampere, and allow- 
ing a maximum flux density of 4,000 lines per square centimeter, 
calculate the electromotive force, current and power ratings of the 
transformer at 60 cycles per second. Ans. 660.4 volts, 3.2 aob. 
peres, 3. 1 1 3 kilowatts. 

110. A given transformer is rated at S kilowatts and is deigned ■ 
to take current from 1,100-volt mains at a frequency of 60 cycles 
per second. Under these conditions P^^, /*,, and P^ will be 
called normal. 

(n) The transformer gives 6 kilowatts output at the 
electromotive force and frequency. Find P^ in terms of noi 

{b) The transformer is used at rated electromotive force but 
a frequency of 75 cycles per second. Find P^ and P^ 
_ jn terms of normal. 
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(c) The transformer is used at rated frequency but with primary 
Ktromotive force of i.SCX) volts. Find P^ and P^ each in 
s of normal. 

) The transformer is used on a primary electromotive force 
1,500 volts. Find f for which P^ is normal. Show that 
is independent of frequency with given E'. 
(e) With primary electromotive force of 1,650 volts what load 
wuld give normal P^ ? 
Ans. {a) 1.44 X normal P. ; {/>) 0.^7 x normal P^, no change 
in P,; (c) 1.64 X nomial/'j, 1.86 X normal/',; ((/) I37.2cycles 
per second; (^) 7.5 kilowatts. 

111. Following are the data for a shell tjpe transformer (see 
Figs, 207 and 20S). 

A fine wire coil consists of 560 turns of No, 17 B. & S. copper 
wire. Mean length of turn 29^ inches. 

The coarse wire coil consists of 28 turns of two No. 7 wires 
in parallel. Mean length of turn 29J inches. 

Section of magnetic circuit is loj" x I-ij", and -^ of this 
section is iron. Volume of iron 24J sq. in. x loj" x ^. 
Thickness of lamination 14 mils. 

(a) Find the electromotive force, current, and power ratings 
of this transformer at a frequency of 5o cycles per second, allow- 
ing 500 circular mils per ampere, and allowing a maximum flux 
density of 5,000 lines per square centimeter. 

(Jf) Find the copper loss and iron loss at full load. 

(c) Find the efficiency of the transformer at full load. 

[d) Find the all-day efficiency of the transformer when it is 
operated at full load for three hours each day, and at zero load 
for the remainder of the time. 

112. The losses in a direct-current shunt motor when it is 
running at zero load are equal to 125 watts and the losses in the 
motor when it is running at full load equal to 175 watts. The 
full-load output of the motor is one horse-power. Find the all- 
day efficiency of the motor when it is operated at full load for 
one minute of time every 10 minutes during the day. 
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113. A lo-fcilowatt !,ioo: I lo-volt transformer is connecledj 
as an autotransformer to step up from i,ioo volts to i,2iovc 
(«) Find the amount of power that can be delivered to a n 
inductive receiving circuit at 1,210 volts without exceeding t 
rating of the transformer ; {b) find the current in each coil of tl; 
transformer ; and {c) specify the amount of power delivered b 
delivered by each coil, 

114. A lo-kilowatt 1,100: IiO-volt transformer is connected 
as an autotransformer to step down from i, 100 volts to 990 volts. 
Find (ff) the amount of power that can be delivered to a non- 
inductive receiving circuit at 990 volts without exceeding the 
rating of the transformer ; (b) find the current in each coil of the 
transformer ; and (c) specify the amount of power delivered to 
or by each coil. 

llfld. A transformer has two coils AB and CD arranged as 
shown in Fig. 115^. The coil AB is connected to 1 10- volt 
mains, point A being connected to main number one, and point 
B being connected to main number two. Specify the exact 
manner in which the coil CD must be connected in order that 
auto-stcp-up transformation may be accomplished and find the 
value of the voltage across the service mains. 
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\\5b. Specify the exact manner in which the coil CD, FJg. 
1 1 ^p, must be connected in order that auto -step-down transfor- 
mation may be accomplished, with the coil AB connected 
I lo-volt supply mains, and find the value of the voltage ai 
the service mains. 

\lSc. The service mains in problem 115^ deliver current to a 
non-inductive receiving circuit of which the resistance is 2 ohms, 
Find (iz) the current and power delivered to tlie receiving circuit; 
{b) the power developed in coil CD (specify wliether this coil 
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gives out power or receives power) ; (c) the current flowing in 
coil AB and the power developed in coil AB (specify whether 
this coil gives out power or receives power), and (d) the total 
current delivered by the supply mains. 

116. Three similar 1,000 to lOO-volt transformers have their 
r,ooo-volt coils delta -connected to three-phase 1,000-volt mains, 
and the secondaries are Y-connected to service mains. Give a 
diagram of the connections and find the electromotive force between 
the pairs of service mains, Ans, 173 volts. 

117. The primaries of the transformers in problem 116 are Y- 
connected to the 3-phase supply mains and the secondaries are 
delta-connected to the service mains. Find the electromotive 
force between each pair of service mains. 

118. Two loo-kilowatt transformers are arranged as shown 
in Fig. 187, Chapter X for the step-down transformation of a 
3-phase supply. Find the power which can be delivered to 
balance receiving circuits of which the power factor is 0.85 
without exceeding the voltage and current ratings of the two 
transformers. 

119. Two transformers are connected ag shown in Fig. 187, 
Chapter X, and they deliver current to three similar receiving cir- 
cuits of which the power factor is 0.80. The total power deliv- 
ered is 50 kilowatts, find the power delivered by each trans- 
former. Ans. 14.18 kilowatts, 35.83 kilowatts. 

120. Find the power delivered by each transformer specified in 
problem I ig if the power factor of the similar receiving circuits 
is 0.30. Ans. 70.9 kilowatts, — 20,9 kilowatts. 

131. The primary coils of two transformers have each 560 
turns of wire and they are connected to two-phase mains, the 
electromotive force of each phase being 800 volts. Calculate the 
turns of wire in each of t\vo secondary coils (one on each trans- 
former) so that these coils when connected in series may give an 
electromotive force of 400 volts, 30° ahead of one of the two- 
phase electromotive forces. Ans. 140 turns, 242.5 turns. 

122. A Scott transformer is to transform from 1,000 volts, 60 
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rtf 5,500 tetcB per fi^uarc centtmcteT. Ans. (a) Jl'"' 
XttCDK, (A) nundica' aS tuntE in mils a, b and c. Fig. 198 zie y 

BL a fliiBi>mig coiivcrtcT b to supphr direct cuirent st j 
■dtoteS'MtoaBton'Jine. At wfaot vohage mtiA •dxx 

3 to the -mBcfaine ? The stEp-dt>wii t 
I b)r direc similar tmutikK iiicra inni 1 
i to the iri^ vohage 1 
■lies T-connected to die three rings of tie i 
What if ihe rabo oT tran^M-mBdon of each 1 
Koany fceiaeMMOODwwta? An. yi6v»ii=^ .V"/,V=^ 



CmMmsi XL GnwirM.'Ttown- of ths TiLUSPosKEs. 

j>ltjifcrfit 4^ « duM^ppe inmm^enner. — Following aie t 
dM* fer a Ac9-^^ tnarfoBBcr (see Fig. 307. 30S. aod 209) : 

The fine ne cofl comhsIb of ;6o tamis of nnmber 17 B. & j 
copper vire. Meat koglk flfbna 3^ indies. 

The ooane «« coi "—■««■■ of aS buns of two number 5 
(B. & S.) wifcs to pmUd. Heaa kngth of turn 39} inches. 

/m i| uidics, ^— i iodi, F~ ij inches (coarse wirec 
X^ l\ inches (fine vire oofl), and \J2= io\ i. 

At cacb end of the core 4! indies of len^ of t 
po«ed. Section of magnetic circuit = 10] x i^f sqn 
and -^ (^ this b iron. Volume of iron = 24^ x 10} < 
inches x -f^. Thickness erf laminations 14 mils. 

Spcdfuation of a core-type traitsformcr. — Following are I 
data for a core-type transformer (see Fig. 212): 

V-ac^x fine wire coil, P, Fig. 212, consists of 1,000 tains fl 
number 17 D. & S. copper wire. Length of mean turn = 
inches. 



H Each coarse wire coil, S, consists of loo turns of two num- 
Ber seven wires in parallel (B. & S.). Length of mean turn 9J 
Hches. 

m i = S inches, £^=\ inch, >"= | inch (fine wire coil), X' = l 

Inch (coarse wire coil), and X = io| inches. 

I The net sectional area of the iron core is 3.7 square inches, 

Mie mean length of the magnetic circuit is 22 inches, and tlie 

fcolume of the iron is 81.4 cubic inches. Thickness of lamina- 

Bons 14 mils. 

I 184. Find the two components M^ and J/, of the magnetiz- 

Bog current of each of tlie above transformers, E' being 1,100 

Brolts at 1 33 cycles per second. Parts of coils in core-type trans- 

■brmer being connected in series (jV = 3,000, N" = 200). 

I 126. Calculate the leakage inductance of each of the above 

transformers, parts of coils of core-tj^e transformer being con- 

Btected in series. 

K 126. Determine the regulation of the above shell-type trans- 

W)rmer when it takes current from 1,100 volt 133 cycle mains 

Hmd delivers current to a receiving circuit of which the resistance 

fe 1.25 ohms and the reactance is 1.3 ohms. 

W 127, Determine the regulation of the above core-type trans- 

Kbrmer when it takes current from 1,100 volt 133 cycle mains 

■md delivers current to a receiving circuit of which the resistance 

Bs 1.25 ohms and the reactance is 1.3 ohms. 

B Chapter XII. The Induction Motor. 

H 128. The winding of an ordinary ring-wound direct-current 

■trmature has 24 sections. These sections are disconnected from 

Hie commutator and numbered in order from i to 24. Specify 

Bie manner in which these 24 coils arc to be connected to two- 

fchase mains to produce in the ring a rotating state of magnetism 

^with four poles, with six poles, and with twelve poles. Specify 

the connections of the 24 coils to three-phase mains to produce 

in the ring a rotating state of magnetism with two poles, with 

four poles, and with eight poles. State the s-pccA Q'i 'Owe. 
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nrtiitni in each caK in revolutioiu per m 
the pnlyfihaAC currents being 60 cycles per s 

Siimflt antwer for 4-pale j-pkau canm ic tiamx. — '^sat A b 
C'innccted aii followii : Positive main to + (eectioa 1) — to ^ (sh 
tion i) — to — {section 7) + to — (scctioo 8) + to + (aedin 13) 

— to + (»ectlon 14) — to — (iectioo 19) + to — (seaion aof 
+ In nc(fativc main. 

I'haftc // ia connected as follows : Positive main to -t- (sectiaB 3) 

— to + (Hection 4) ~ to ~ (section 9) + to — (section 10) 4- 10 
4- (iicctinn 1 5) — to 4- (section 16) — to — (section 21) 4- to 

— (section as) 4- to negative main. 
I'haNc C is connected as follows: Positive main to 4- (sectioD 

S) — to + (section 6) — to — (section j i) 4- to — (section 12) 
4- to 4- (ncction 17) — to 4- (section 18) — to — (scctioo 23) ^ 
to — (section 34) 4 to negative main. 

Speed : Two-pha.ie, four poles 30 revolutions per second; a: 
poles ao revolutions per second; twelve poles lO revolutions per 
second. Three- phase, two poles 60 revolutions per second; four 
poles _io revolutions per .second; eight poles 15 revolutions per 
second. 

ISItf. The armature of an ordinary direct-current dynamo ii 
short circuited between the brushes, and the resistance of the 
Antlftturc between brushes is 0,036 ohm. The number of anna- 
turc conductors la 360, and the flux through the armature is 
1,500,000 lluoH, which is assumed to be invariable. The field 
ma(;iict \* net rotating about the shaft as an axis at a speed of 25; 
revolutions per Jiecond, carrying the direct-current brushes widl 
It. Calculate tlie torque dragging upon the armature when it; 
speed is 34 revolutions per second and when its speed is 2J 
revolutions per second. What portion of the power expende< 
in driving the field is available at the armature belt, and what por 
tion is lost in heating the armature, friction losses being ignoreiU 

Ans, ((j) Torque — 6.86 kg.-meters, 96 per cent, of the pows 
is available at the armature belt and 4 per cent is lost in heatii 
tJie armature. 



PROBLEMS. 407 

(A) Torque 1 3.72 kg.-meters, 92 per cent, of the power is avail- 
)]e at the armature belt and 8 per cent, is lost in heating the 
mature. 

M>/t. — This problem may be solved by Ihe use of the ordinary equtttioos of the 
Srect currcDt dynanio, Damely : 

T^ \.^\tZ'3 pound inches, 
ere Z' in the present cue is 260 -i- lo", and « is Ihe relative speed. 

1S9^. The synchronous speed « of an induction motor is 100. 

The motor develops its maximum torque when the rotor speed 
3o. How many times must the rotor resistance be increased 
order that the motor may develop its maximum torque at 

(tand-still ? Explain. 

130. An ideal three-phase induction motor takes 5 amperes 
of current into each phase of its delta-connected primary member 
at 200 volts and 60 cycles per second. The rotor, which has a 
three-phase winding, delta-connected to collecting rings, supplies 
25 amperes of current to each of three similar circuits, each hav- 
ing a power factor equal to 0.75. The rotor runs at \ syn- 
chronous speed, {a) What is the ratio of the stator to the rotor 
turns ? {b) What is the rotor terminal voltage ? {c) What is 
the total intake of power ? (rf ) What is the electrical output of 
power? (f) What is the mechanical output of power? Ans. 
(«) Ratio of turns is 5:1. (B) Rotor terminal voltage is 
J X ^ X 200 volts, ic) Total intake of power is 2,250 watts. 
(iV) Total electrical output is 750 watts, (f) Total mechanical 
output is 1,500 watts. 

131. A 3-phase 4-pole induction motor has its stator windings 
delta- connected to 1,100 volt 25 cycle 3-phase mains. The 
rotor has a 3-phase winding which is Y-connected to collector 
rings, the number of conductors in the rotor winding being \ as 
great as the number in tlie stator winding. The rotor is driven 
backwards at a speed of 1,050 revolutions per minute, Ne(Tlect- 
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ing the effects of magnetizing current, coil resistance, and mag- 
netic leakage, (a) find the frequency and value of the voltage 
between each pair of rotor collector rings. 

The rotor collector rings are Y-connected to three similar re- 
ceiving circuits of which the power factor is 0.85 and of which 
the impedance is 10 ohms. Find (5) the total electrical power^l 
delivered by the rotor ; (c) the total electrical power delivered ^ 
the stator and (</) the total mechanical power required to driifl 
the rotor. 



Chapter XIII. The General Theory of the 

Induction Motor. 

132. A 2-phase 6-poIe inducdon motor takes current from 2 
phase supply mains across each pair of which the electromotivi 
force is 1,100 volts, frequency 60 cycles per second. When thj 
motor is run at zero load, an ammeter indicates 5.2 amperes ii 
each phase of the stator winding, and a wattmeter indicates t 
delivery of 1,200 watts to each phase of tlie stator. At stand- 
still the current delivered to each phase is observed to be 71 
amperes and the power delivered to each phase is observed to b 
14,000 watts. The resistance of each stator winding as deter 
mined by direct-current ammeter and voltmeter is i.i ohms.' 
From these data construct a circular diagram of the inductj< 
motor, and plot performance curves similar to Fig. 243. 

133. One stator winding only in the above induction motor is 
to be used, thus making it a single-phase motor. When thj 
motor is driven at zero load, an ammeter indicates 10.6 ampera 
delivered to the stator, and a wattmeter indicates 2,450 ^ 
At standstill the current delivered to the stator winding is observet 
to be 75 amperes and the power as measured by a wattmeter i! 
found to be 14,500 watts. From these data construct a circuJai 
diagram for the motor (single-phase) and plot performance curves 
somewhat similar to Fig. 243. 
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